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ABSTRACT 

 During a productive adenovirus infection, the E1B-55K and E4orf6 

proteins promote efficient late viral gene expression. The results presented in this 

dissertation reveal that the E1B-55K and E4orf6 proteins facilitate late viral 

protein synthesis by limiting phosphorylation of eIF2  by the dsRNA-dependent 

protein kinase R (PKR) during the late phase of infection. The phosphorylation of 

eIF2  systematically fluctuated throughout the viral life cycle. These fluctuations 

most likely reflect cellular responses to discrete viral events. Viral DNA 

replication was identified as the key event leading to PKR-independent 

phosphorylation of eIF2  between 6 and 24 hours after infection. At later times, 

the E1B-55K and E4orf6 proteins limited eIF2  phosphorylation by preventing an 

increase in PKR activation, which was most likely induced by double stranded 

RNA (dsRNA). The ability of the E1B-55K and E4orf6 proteins to prevent PKR-

mediated eIF2  phosphorylation was correlated with their ability to promote 

efficient late viral protein synthesis. In support of these findings, expression of the 

reovirus 3 dsRNA-binding protein prevented PKR activation, blocked eIF2  

phosphorylation, and restored late viral protein synthesis in cells infected with an 

E1B-55K or E4orf6-mutant adenovirus. This newly described function of the E1B-

55K and E4orf6 proteins required a cullin 5-mediated activity of the E1B-

55K/E4orf6 complex, most likely its associated ubiquitin-ligase function. 

Surprisingly, cytoplasmic levels of the adenovirus VAI RNA, which has been 

shown to prevent activation of PKR by dsRNA, were equivalent in mutant and 

wild-type virus-infected cells.  Previous results established that the E4orf1 protein 
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contributes to the defect in late viral protein synthesis in the absence of E1B-55K 

function. The findings reported here indicate that the E4orf1 protein promotes 

PKR activation and eIF2  phosphorylation in E1B-55K-mutant virus-infected 

cells, thus providing a potential molecular basis by which the E4orf1 protein 

restricts late viral protein synthesis in the absence of E1B-55K protein function. 

Collectively, the work presented here describes a previously unknown interplay 

between the E4orf1, E1B-55K, and E4orf6 proteins during the late phase of 

infection. Moreover, it provides insight into how these viral regulators govern late 

viral protein synthesis and help establish a precisely coordinated, productive 

adenovirus infection. 
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CHAPTER 1: INTRODUCTION 

 Viruses of the family Adenoviridae are ubiquitous pathogens that pose 

limited risk to the human population at large, but have proven valuable in 

understanding various aspects of fundamental cell biology. Adenovirus was first 

discovered in 1953 as an infectious and cytopathic agent present in human 

adenoids and tonsils that prevented the successful culturing of these tissues 

(Rowe et al., 1953). At least 51 different human adenovirus serotypes have been 

identified that cause a broad range of mostly benign clinical manifestations. In 

healthy individuals, adenovirus infection leads to conjunctivitis and illnesses of 

the respiratory and gastrointestinal tracts. However, adenovirus poses a serious 

risk to immunocompromised individuals, causing encephalitis and pneumonia, 

and afflicts military personnel living in close quarters with acute respiratory 

disease. The virus can be shed for months in the feces, making the fecal-oral 

route the primary mode of transmission. Despite the relatively low risk associated 

with infection, adenovirus became the focus of intense study in 1962 after the 

discovery that it causes tumors when injected in newborn rodents (Trentin et al., 

1962). This seminal discovery made adenovirus the first human virus found to 

have oncogenic properties, although there has been no comprehensive evidence 

since for a causal relationship between adenovirus and human malignancies 

(reviewed in Berk, 2007; Wold W.S., 2007). However, recent evidence suggests 

that prenatal adenovirus infections may contribute to the initiation and 

progression of acute lymphoblastic leukemia (ALL) (Garnett et al., 2002; 

Gustafsson et al., 2007).  
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 Based on a recent bioinformatic and genetic analysis (Davison et al., 

2003), the Adenoviridae family can be divided into five genera: 

Avianadenoviridae (birds), Atadenovirus (reptiles, birds, marsupial, mammals), 

Siadenovirus (reptiles and birds), a newly proposed genus isolated from 

sturgeon, and Mastadenoviridae. The Mastadenoviridae include those viruses 

which infect a wide range of mammals, including humans. This genus is further 

subdivided into six subgroups or species, A through F, based on 

hemagglutination properties of the viral fiber protein. Each subgroup is further 

divided into serotypes that are distinguished by antibody neutralization of 

epitopes present on viral proteins of the virion capsid. All adenovirus serotypes 

can transform cultured rodent cells, but certain subsets are oncogenic in rodent 

animal model systems. The group A adenoviruses (Ad12,18,31) have the highest 

oncogenic potential, but members of groups B (Ad3,7) and D (Ad9) (Ankerst and 

Jonsson, 1989; Javier et al., 1991) also have the ability to induce tumor formation 

in rodents (reviewed in Berk, 2007). Due to their simple propagation and the 

ease with which their genomes can be modified, the majority of research of the 

adenovirus life cycle and replication has been performed with the non-oncogenic 

group C adenoviruses (Ad2,5). The work presented in this dissertation has been 

conducted with the group C adenovirus serotype 5 (Ad5).  

Adenovirus Virion Structure and Genome Organization 

 Human adenovirus is an icosahedral, non-enveloped virus with no 

membrane. The adenovirus particle is small with a diameter of approximately 

90 nm, and is composed mainly of protein, a minor amount of DNA, and trace 



3 

amounts of carbohydrate. The viral genome is a linear, double-stranded DNA 

(dsDNA) molecule nearly 36 kilobases (kb) in length. The viral genome is 

encapsidated within a proteinaceous capsid shell, which is constructed out of 

eleven viral structural proteins. Notably, these structural proteins must be 

synthesized in large quantities during the late phase of infection to aid in 

assembly of progeny virions, and the regulation of their synthesis is the focus of 

the work presented in this dissertation. The surface of the icosahedral capsid is 

composed of multiple hexon capsomers and each one of the 12 vertices contains 

a penton capsomer. At each vertex, the penton capsomer includes a penton 

base and a fiber protein that projects outward from the capsid. The distal, 

globular carboxy termini of these fiber proteins play a significant role in the viral 

life cycle by binding to the primary receptor for adenovirus, the coxsackievirus 

and adenovirus receptor (CAR). The remaining minor capsid proteins offer 

structural stability and play roles in adsorption and entry. The capsid surrounds 

the viral core, which contains 5 viral proteins and the viral genome. The major 

core protein, protein VII, is a highly abundant, basically charged protein that 

condenses the viral DNA genome. The terminal protein is covalently bound to the 

5’ ends of the viral DNA genome and has significant functions in initiating viral 

DNA replication. The core also contains several molecules of a viral cysteine 

protease that functions during viral disassembly and entry, as well as during 

maturation of progeny virions (reviewed in Berk, 2007).  

 The linear dsDNA genome is organized in a manner that allows a 

coordinated and efficient temporal pattern of gene expression (Figure 1). Both 
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Figure 1. The adenovirus type 5 genome.  The adenovirus type 5 genome is a 

linear, double-stranded DNA molecule approximately 36 kilobases in length. The 

genome is transcribed primarily by polymerase II and is organized into various 

transcription units, which are grouped according to their temporal expression 

pattern. There are five early transcription units (E1A, E1B, E2, E3, and E4), two 

delayed-early transcription units (IX and Iva2), and one late transcription unit 

(major late; MLTU). The two virus-associated RNA (VA RNA) genes are located 

within the MLTU but are transcribed by polymerase III (adapted from Leppard, 

1997). 
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 DNA strands are transcribed and have inverted terminal repeats that serve as 

replication origins during viral DNA replication (Berk, 2007). Several cis-acting 

packaging sequences are located between the left inverted terminal repeat and 

the first coding region (E1A) and these are essential for proper encapsidation of 

the viral genome (Hearing et al., 1987; Grable and Hearing, 1992). The families 

of messenger RNA (mRNA) were first mapped using hybridization of restriction 

enzyme-generated fragments to the viral DNA (Sharp et al., 1975) and the 

primary and processed RNA transcripts further localized using electron 

microscopy of RNA:DNA hybrids (Chow et al., 1977). By determining the 

transcriptional sensitivity to ultraviolet irradiation, multiple transcription units of 

the adenovirus genome were defined (Berk and Sharp, 1977; Wilson et al., 

1979). Together, these analyses revealed that each transcription unit is 

composed of functionally-related genes expressed from a common promoter. 

There are five early transcription units (E1A, E1B, E2, E3, and E4), two delayed-

early transcription units (IX and Iva2), and one late transcription unit (major late), 

all of which are transcribed by RNA polymerase II. There are two genes which 

encode the adenovirus virus-associated RNA (VA-RNA) that are transcribed by 

RNA polymerase III. All polymerase II-transcribed genes give rise to multiple 

mRNAs through the process of alternative splicing. Studies of the structure of 

adenovirus mRNA, particularly that produced from the major late transcription 

unit, led to the discovery of splicing, which has had wide-ranging implications on 

the fields of cellular and molecular biology (Berget et al., 1977; Chow et al., 

1977). The synthesis and structure of viral mRNA synthesized from the major 
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late transcription unit (MLTU), also referred to as late viral mRNA, will be 

discussed in greater detail in the section of this introduction entitled Late Viral 

mRNA Synthesis and Structure.  

The Adenovirus Replicative Cycle 

 Lytic adenovirus infections most frequently occur in mucoepithelial cells of 

the respiratory, gastrointestinal, and urinary tracts. However, members of the 

group C adenovirus species can establish persistent infections in cells of 

lymphocytic origin (Garnett et al., 2002).  While slight differences may exist, the 

adenovirus life cycle proceeds similarly in the majority of these cell types. The 

adenovirus replicative cycle is regulated in a temporal fashion, which allows the 

expression of functionally relevant genes at various points throughout infection. 

Conventionally, the replicative cycle is separated into an early and late phase of 

infection that are distinguished by the onset of viral DNA replication. The events 

of the early phase include adsorption and entry and early gene expression, and 

late phase events include late viral gene expression, progeny virion production, 

and viral egress.  

 Adsorption and entry of the adenovirus particle are mediated by two 

separate protein-receptor interactions. Initial attachment involves binding of the 

globular carboxy terminus of fiber to the primary adenovirus receptor, the 

coxsackievirus and adenovirus receptor (CAR). The CAR receptor is a member 

of the immunoglobulin family and is widely expressed in a number of tissues as a 

component of epithelial tight junctions (Cohen et al., 2001). After the initial fiber-

CAR interaction, the viral capsid protein penton associates with the cellular 
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integrins v 3 and v 5. This secondary binding event occurs with much lower 

affinity than the association between fiber and CAR, but stimulates detachment 

of fiber from the viral particle and viral entry. Moreover, the association between 

penton and integrin activates phospatidyl-inositol 3’-kinase (PI3K) (Li et al., 1998) 

leading to downstream activation of Rac, CDC42, and RhoA GTPases (Li et al., 

1998). The signals that emanate from the cell surface and are induced by integrin 

binding collaborate to promote reorganization of the actin cytoskeleton, which 

allows receptor-mediated endocytosis of the viral particle. After escape from the 

endosome, the virion undergoes further disassembly, is transported to the 

nucleus via microtubules, and enters the nucleus through the nuclear pore 

complex. Viral DNA, in association with the core protein VII, enters the nucleus of 

the infected cell by approximately 2 hours (h) post-infection (reviewed in Berk, 

2007; Wold, 2007). The processes of early viral gene expression, viral DNA 

replication, and late viral protein synthesis then occur, and each will be discussed 

in greater detail in subsequent sections.  

 Following their synthesis in the cytoplasm during the late phase of 

infection, structural polypeptides are trafficked to the nucleus where progeny 

virion production occurs. Packaging of the viral genome occurs in a polarized 

fashion, with encapsidation of the left end portion containing the packaging 

sequence occurring first. Other viral proteins nucleate the process of capsid 

assembly, and others are believed to act as motors that help insert the viral DNA 

genome into the procapsid. Assembly and stabilization of infectious virions 

concludes with the cleavage of several viral precursor proteins by the viral 



9 

cysteine protease. The viral protease also functions in the initial stages of 

progeny virus release by cleaving cytokeratin, which disrupts the intermediate 

filament network and increases cellular permeability (Chen et al., 1993). Finally, 

the adenovirus death protein and trimers of the fiber protein interfere with 

machinery of the anaphase-promoting complex and the integrity of epithelial tight 

junctions, respectively, to promote virus release and eventual cell death 

(reviewed in Berk, 2007). In adherent HeLa cells, the replicative cycle is 

complete and progeny virus is released by approximately 42 h post-infection, 

although complete cell death does not occur until after 70 h of infection.  

Early Gene Expression and Viral DNA Replication  

 The three main objectives of early viral gene expression are to create a 

cellular environment conducive to viral DNA replication, synthesize early viral 

proteins involved in this process, and to provide defense against the host 

immune response. At approximately 2 h post-infection the viral DNA genome has 

entered the nucleus and the first early viral transcription unit, E1A, is expressed 

from a constitutively active promoter. The E1A transcript is processed by 

alternative splicing to yield two proteins known as 12S-E1A and 13S-E1A. These 

two proteins are responsible for modifying transcription from cellular genes and 

initiating the cascade of transcriptional activation from the viral genome, both of 

which are important events in the process of preparing the cell for viral DNA 

replication and establishing infection.  

 The transactivation properties of E1A do not occur through direct DNA-

binding, but instead by interacting with and modifying the functions of cellular 
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proteins and transcription factors. The E1A protein interacts with a wide array of 

cellular proteins, including pRB family members, p300, CREB-Binding Protein 

(CBP), TATA-Binding Protein (TBP) and YY1 (Frisch and Mymryk, 2002). 

Perhaps the hallmark function of E1A is preparation of a cellular environment 

amenable to viral DNA replication. Most often, the cells infected by adenovirus 

are quiescent and are therefore not in a state that supports viral DNA replication. 

The E1A proteins activate re-entry of these cells into the cell cycle and help 

establish an S phase-like environment by binding to pRB proteins (Whyte et al., 

1988), which relieves pRB-mediated repression of the E2F family of transcription 

factors. Active E2F transcription factors induce expression from E2F-responsive 

promoters that control expression of cellular genes necessary for S phase entry. 

Furthermore, the E1A proteins help promote progression through the cell cycle 

by blocking cyclin-dependent kinase inhibitors (Berk, 2007). Other E1A functions 

include modification of chromatin structure through binding and possibly inhibiting 

histone acetylases such as p300 (Yee and Branton, 1985) and CBP (Eckner et 

al., 1994; Arany et al., 1995), binding to TBP (Horikoshi et al., 1995) to alleviate 

p53-mediated transcriptional repression, and preventing the transcriptional 

activation of genes induced by p53 (Steegenga et al., 1996). The E1A protein, in 

particular E1A-13S, is also responsible for stimulating activation of early viral 

promoters and subsequent expression from the other early viral transcription 

units (Berk, 2005).  

 The E1B transcription unit encodes five gene products (Sieber and 

Dobner, 2007). Two of these products, E1B-19K and E1B-55K, have been well-
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characterized and have multiple functions throughout the virus life cycle that 

maintain an ongoing lytic infection. The E1B 19-kilodalton (kDa) protein (E1B-

19K), a BCL-2 homologue, prevents the pathway that leads to caspase-

dependent apoptosis by sequestering the pro-apoptotic proteins BAK and BAX to 

preclude their oligomerization. The E1B-19K protein therefore functions primarily 

to prevent p53-independent mechanisms of apoptosis. Another E1B gene 

product, the E1B 55-kDa protein (E1B-55K), is responsible in part for preventing 

p53-dependent mechanisms of apoptosis. The E1B-55K protein also counteracts 

other p53-mediated effects by inducing its degradation (reviewed in Berk, 2005; 

Berk, 2007). The E1B-55K protein and its properties, in addition to its functions in 

collaboration with the E4orf6 protein, will be discussed in the section The E1B-

55K and E4orf6 Proteins and the E1B-55K/E4orf6 Viral Ubiquitin-Ligase 

Complex.  

 The E2 transcription unit encodes proteins with enzymatic functions 

required for viral DNA synthesis. The E2A region encodes a 72 kDa protein, also 

known as E2A-DBP, which binds to single-stranded DNA in a sequence-

independent manner (van der Vliet and Levine, 1973). While normally thought of 

as only a DNA-binding protein, this protein also binds single-stranded RNA at 

late times of infection in a sequence-independent manner (Cleghon and Klessig, 

1986). E2B genes encode the pre-terminal protein and the viral DNA 

polymerase. The pre-terminal protein (pTP) is an 80 kDa protein covalently 

bound to the 5’ ends of the viral DNA genome (Schaack et al., 1990). Upon 

maturation of the viral particle, pTP is cleaved by the adenoviral protease into a 
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55 kDa protein called the terminal protein (TP), which is also attached to the 5’ 

ends of the genome and functions during initiation of viral DNA replication 

(Challberg et al., 1980; Stillman et al., 1981; Ikeda et al., 1982; Schaack et al., 

1990). The E2B region also expresses the gene for the viral DNA polymerase. 

The 140 kDa viral DNA polymerase belongs to the eukaryotic pol-  family, 

meaning that it contains both 5’ 3’ polymerase activity and 3’ 5’ exonuclease 

activity that serves as a proofreading mechanism (Field et al., 1984). The pTP 

and viral polymerase are believed interact within a heterodimeric complex and 

bind at the viral origin (reviewed in Berk, 2007). 

 The E3 region encodes proteins that counter the host antiviral immune 

response. These proteins are the E3-gp19 kDa, E3-14.7 kDa, E3-10.4/14.5 kDa, 

and E3-11.6 kDa proteins. The E3 proteins collectively function to prevent CTL-

mediated cell killing by downregulating MHC I molecule expression, prevent 

peptide processing, inhibit TNF -induced apoptosis, and degrade the cellular 

death receptors Fas and TRAIL (Wold and Gooding, 1991). The E3-11.6 kDa 

protein, also known as the adenovirus death protein (ADP), is transcribed at late 

times in large quantities and is required for cell lysis and virus release (reviewed 

in Berk, 2007). Interestingly, the E3 genes are dispensable for virus growth and 

replication in cultured cells. All viruses used throughout the work presented in 

this dissertation lack portions of the E3 region, but retain the region that 

expresses the E3-11.6 kDa ADP protein.  

 Expression from the E4 early transcription unit generates a large primary 

transcript that is differentially spliced to yield at least 18 different mRNA species 
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(Virtanen et al., 1984). These transcripts give rise to at least six viral proteins: 

E4orf1, E4orf2, E4orf3, E4orf4, E4orf6, and E4orf6/7. The E4 proteins have 

critical functions throughout the virus life cycle that promote an efficient and 

successful infection. These functions mediate or augment transcriptional 

regulation, viral DNA synthesis, inhibition of the cellular DNA damage response, 

mRNA processing and transport, late viral gene expression and shutoff of host 

protein synthesis, and progeny virus production (reviewed in Leppard, 1997; 

Berk, 2007). The E4 gene products that are pertinent to the research presented 

in this dissertation, particularly the E4orf6 and E4orf1 proteins, will be discussed 

in greater detail in subsequent sections.  

 By approximately 6 h post-infection, E2 gene products have accumulated 

to levels sufficient for viral DNA replication to begin. Viral DNA replication occurs 

in nuclear inclusions known as viral replication centers, at which the viral E1B-

55K and E4orf6 proteins are localized (Ornelles and Shenk, 1991), and continues 

throughout the course of infection until the host cell lyses and dies. Adenovirus 

DNA replication is a two-stage process, with the origins of replication provided by 

the inverted terminal repeats present on the viral DNA chromosome. Pre-

initiation complexes are formed and include host proteins and the viral proteins 

preterminal protein (pTP), the viral DNA polymerase, and E2A-DBP. In the first 

stage, synthesis begins at either terminus of the viral genome and continues until 

reaching the end of the linear DNA template. This process occurs on only one 

strand. Therefore, the products consist of a daughter and parental strand duplex 

and a single strand of displaced parental DNA. In the second stage of replication, 
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a complementing strand is synthesized for the displaced parental strand of DNA. 

Because of their self-complementary terminal sequences, these single-stranded 

DNA molecules undergo circularization to create a panhandle duplex. These 

duplexes, which are also recognized and bound by preinitiation complexes, now 

serve as replication origins for additional rounds of replication. The end product is 

a linear, dsDNA genome with one parental strand and one daughter strand 

(reviewed in Berk and Sharp, 1977; Lechner and Kelly, 1977). 

 Adenovirus DNA replication and its byproducts have the potential to elicit 

multiple signaling events. First, replication of the viral DNA genome gives rise to 

approximately 50,000 genome copies, meaning that the cell is exposed to 

upwards of 100,000 free DNA ends (Van der Vliet, 1995). Others have shown 

that a substantial number of single-stranded DNA molecules and replication 

intermediates exist in the infected cell during the period of viral DNA replication 

(Lavelle et al., 1975; Flint et al., 1976). These byproducts lead to the recruitment 

of cellular single stranded DNA-binding proteins replication protein A p32 subunit 

(RPA32) and ATR-interacting protein (ATRIP) to the sites of viral DNA 

replication, which can then activate ataxia telangiectasia and Rad-3-related 

protein (ATR) kinase signaling (Stracker et al., 2005; Blackford et al., 2008). It is 

proposed that these single-stranded DNA species underlie the adenovirus-

induced phosphorylation of H2AX during viral DNA replication (Nichols et al., 

2009). Furthermore, double-stranded RNA (dsRNA) of viral origin arises from 

symmetrical transcription of the viral DNA genome during the late phase of 

infection (Pettersson and Philipson, 1974; Maran and Mathews, 1988). 
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Theoretically, any one of these byproducts has the capacity to present the virus 

with challenges in the form of the cellular response, and the virus must employ 

mechanisms to neutralize these effects in order to avoid their consequences. 

Yet, the extent to which these replication intermediates and potential signaling 

events influence the late phase of infection has not been extensively studied. As 

the boundary between the early and late phases of adenovirus infection, 

however, it is certainly plausible that viral DNA replication and its byproducts 

could affect signaling pathways and viral events during the late phase.  

 By convention, the onset of viral DNA replication is the end of the early 

phase of infection. Viral DNA replication acts as the ‘switch’ between the early 

and late phases and must occur for progression to proceed (Thomas and 

Mathews, 1980). Fittingly, adenoviruses that express a mutant or defective 

terminal protein, viral DNA polymerase, or E2A-DBP not only fail to synthesize 

DNA, but also fail to enter the late phase of infection (Ensinger and Ginsberg, 

1972; Freimuth and Ginsberg, 1986). Events that occur during the late phase of 

infection, namely late viral protein synthesis and the interplay between viral 

proteins involved in the regulation of this process, are the main focus of the work 

presented in this dissertation.  

Late viral mRNA synthesis and structure  

 The significance of late viral gene expression to the viral life cycle is 

underscored by the precise and temporal regulation of the major late 

transcription unit (MLTU). This region of the adenovirus genome encodes five 

families of late viral transcripts, L1 through L5. Transcription from the MLTU is 
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directed by the major late promoter (MLP). During the early phase of infection, 

the MLP has transcriptional activity similar to other promoters (Shaw and Ziff, 

1980) and exhibits limited processivity. Following viral DNA replication, the major 

late promoter is activated by early viral gene expression (Falck-Pedersen and 

Logan, 1989), more specifically the early gene product E1A (Nevins, 1981) and 

the intermediate gene product IVa2 (Lutz and Kedinger, 1996). Late phase-

specific activation of the MLP leads to an increase in transcriptional processivity 

(Larsson et al., 1992) and expression of one large primary transcript. This pre-

mRNA is then processed into five families of transcripts, where each family has 

co-terminal 3’ ends due to the use of the same poly(A) addition site (Nevins and 

Darnell, 1978). Each family of transcripts is further processed into multiple 

monocistronic mRNAs via alternative splicing (Chow et al., 1977) and (reviewed 

in Shenk, 2001). All late viral transcripts contain a 3’ polyadenylated tail 

(Philipson et al., 1971) and a 7-methylguanosine 5’ cap (Hashimoto and Green, 

1976; Moss and Koczot, 1976). Furthermore, proper splicing and efficient 

cytoplasmic accumulation of late adenoviral mRNAs requires viral DNA 

replication and viral protein synthesis (Svensson and Akusjarvi, 1986; Larsson et 

al., 1991).  

 Late viral mRNAs share a common structural element with functional 

significance. This 5’ untranslated region (UTR), known as the tripartite leader, is 

present on the majority of transcripts produced from the major late promoter 

during the late phase of infection. This structure is the result of alternative 

splicing of three non-adjacent portions of the genome that together are 202 
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nucleotides in length (Chow and Broker, 1978; Akusjarvi and Pettersson, 1979). 

The first segment of the tripartite leader is largely unstructured, whereas the 

remainder is very stable and contains a high degree of RNA secondary structure 

in the form of single-stranded RNA sequences, stable base-pair structures and 

an extensive hairpin loop (Zhang et al., 1989). In addition, there are areas of 

conserved sequence within the tripartite leader that exhibit complementarity to 

18S ribosomal RNA (rRNA) (Yueh and Schneider, 2000). The tripartite leader 

has been shown to allow synthesis of late viral proteins by a non-conventional 

form of cap-dependent translation initiation known as ribosome shunting (Yueh 

and Schneider, 1996) at times when the eIF4F cap-binding complex is altered or 

less active (Dolph et al., 1988; Dolph et al., 1990; Cuesta et al., 2000). Other 

reports suggest that the tripartite leader affords the ability to drive translation 

initiation independently of eIF4F function altogether (Logan and Shenk, 1984; 

Berkner and Sharp, 1985; Dolph et al., 1988), although this remains contentious. 

Furthermore, observations that the presence of the tripartite leader on late viral 

mRNAs increases their efficiency of export (Huang and Flint, 1998) and also 

enhances their translation (Logan and Shenk, 1984) may suggest that proper 

mRNA export is linked to efficient translation of late viral proteins.  

 During the late phase of infection, adenovirus also expresses two other 

viral RNAs that are known as virus-associated RNA I and II, or VAI RNA and VAII 

RNA. Unlike the majority of the adenoviral genome, which is transcribed by 

polymerase II, these RNA molecules are transcribed by polymerase III (Price and 

Penman, 1972; Weinmann et al., 1974). The VA RNA genes are expressed from 
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a region that is embedded within the MLTU and are transcribed in the same 

direction (Mathews and Shenk, 1991), but expression is not mediated by the 

MLP. The VAI and VAII RNAs are expressed at very low levels during the early 

phase of infection, but expression is drastically increased during the late phase of 

infection (Soderlund et al., 1976; O'Malley et al., 1986). This accelerated 

expression is particularly true for VAI RNA and it becomes one of the most 

abundant RNA species in the infected cell (Mathews and Pettersson, 1978). The 

VAI RNA is present at a level approximately 10-fold higher than VAII RNA at late 

times of infection (Soderlund et al., 1976). The VA RNAs are non-coding RNA 

molecules approximately 160 nucleotides in length (Mathews, 1975; Pettersson 

and Philipson, 1975) that adopt a high degree of secondary structure (Akusjarvi 

et al., 1980). Unlike the transport of other late viral mRNAs, as will be discussed 

in the following section, export of the VA RNAs occurs by an exportin 5-

dependent mechanism (Gwizdek et al., 2004). To clarify, use of the term ‘late 

viral mRNA’ throughout this document does not include the VA RNAs, but rather 

references the viral mRNAs produced from the MLP that encode structural 

proteins. The function of VAI RNA will be discussed in greater detail in the 

section entitled Regulators of Protein Synthesis during the Late Phase of 

Infection.  

The E1B-55K and E4orf6 Proteins and the E1B-55K/E4orf6 Viral Ubiquitin-

Ligase Complex 

 Two adenovirus gene products, the E1B-55K and E4orf6 proteins, are 

essential components of a successful adenovirus infection. These proteins 
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counteract the cellular DNA damage response (Stracker et al., 2002; Weitzman 

and Ornelles, 2005; Baker et al., 2007), neutralize the antiviral activities of p53 

(Sarnow et al., 1982; Yew et al., 1994; Martin and Berk, 1998; Berk, 2005), 

regulate RNA export (Halbert et al., 1985; Pilder et al., 1986; Huang and Hearing, 

1989; Leppard and Shenk, 1989; Bridge and Ketner, 1990; Sandler and Ketner, 

1991), and promote late viral protein synthesis (Babiss et al., 1985; Cutt et al., 

1987; Bridge and Ketner, 1990; Blackford and Grand, 2009). These functions are 

performed either by the E1B-55K and E4orf6 proteins individually or, as is 

becoming more frequently established, together as part of a novel ubiquitin-

ligase complex.  

 The E1B-55K protein actively shuttles between the nucleus and the 

cytoplasm of an infected cell (Kratzer et al., 2000; Dosch et al., 2001). During the 

late phase of infection, it accumulates primarily in the nucleus at the periphery of 

viral replication centers (Ornelles and Shenk, 1991; Konig et al., 1999; Gonzalez 

and Flint, 2002), but a portion is also distributed in the cytoplasm and found in 

bodies adjacent to the nucleus known as aggresomes (Zantema et al., 1985; 

Maheswaran et al., 1998; Liu et al., 2005). The E1B-55K protein binds to the 

amino-terminal portion of p53 (Sarnow et al., 1982) and disrupts its 

transcriptional activity by a wide variety of methods (Berk, 2005), leading to 

repression of p53-responsive genes (Yew et al., 1994; Martin and Berk, 1998). 

This relationship produced the hypothesis that E1B-55K-mutant viruses may 

have oncolytic potential in cancers with a mutant or defective p53 protein, a 

notion that was supported by the observation that a virus lacking the E1B-55K 



20 

protein selectively replicated in and killed p53-deficient tumor cells (Bischoff et 

al., 1996). The status of p53, however, was found to have no effect on the 

outcome of an E1B-55K-mutant virus infection (Goodrum and Ornelles, 1998), 

yet these viruses still show promise as an oncolytic therapy (Garber, 2006). As 

will be discussed shortly, the E1B-55K protein also allows adenovirus to 

overcome growth restrictions imposed by the cell cycle (Goodrum and Ornelles, 

1997), and it is unknown whether this function relates to the selectivity of E1B-

55K-mutant viruses for tumor cells. Another major function of the E1B-55K 

protein is control of cellular and specifically late viral RNA export (Pilder et al., 

1986; Leppard and Shenk, 1989). Interestingly, late viral transcripts that undergo 

more splicing or, conversely, that have more unused splice donor sites exhibit 

increased dependence on the E1B-55K protein for their efficient transport (Dix 

and Leppard, 1993; Leppard, 1993). Finally, the E1B-55K protein has been 

shown to bind multiple cellular proteins, including p53, E1B-55K-associated 

protein 5 (E1B-AP5), and p300/CBP-associated factor (PCAF), among others 

(Blackford and Grand, 2009).  

 The E4orf6 protein has functions relating to viral DNA synthesis, late viral 

protein synthesis, inhibition of host protein synthesis, and progeny virus 

production (Halbert et al., 1985; Bridge and Ketner, 1989; Huang and Hearing, 

1989; Bridge and Ketner, 1990). It also stabilizes late viral mRNAs in the nucleus 

(Bridge and Ketner, 1989; Sandler and Ketner, 1989; Bridge and Ketner, 1990; 

Sandler and Ketner, 1991) and has been observed to play a role in splice site 

selection (Ohman et al., 1993; Nordqvist et al., 1994). Like the E1B-55K protein, 
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the E4orf6 protein shuttles between the nucleus and the cytoplasm (Dobbelstein 

et al., 1997). However, the E4orf6 protein is found almost exclusively in the 

nucleus during the late phase of infection (Cutt et al., 1987; Dobbelstein et al., 

1997) where it directs the localization of the E1B-55K protein to sites of viral 

replication and mRNA processing (Ornelles and Shenk, 1991). Both the E1B-55K 

and E4orf6 proteins can function as oncoproteins to induce cellular 

transformation and both proteins block p53-dependent apoptosis (Graham et al., 

1977; Moore et al., 1996; Nevels et al., 1997; Blackford and Grand, 2009). 

Furthermore, the E1B-55K and E4orf6 proteins share many of the functions 

involved in the preferential export of late viral mRNA, inhibition of cellular mRNA 

export, and late viral gene expression (Beltz and Flint, 1979; Babiss et al., 1985; 

Pilder et al., 1986; Leppard and Shenk, 1989; Yang et al., 1996).  

 The similarity in the functions of the E1B-55K and E4orf6 proteins derives 

from the physical interaction of the two proteins and their existence as a multi-

functional viral complex (Sarnow et al., 1984; Cutt et al., 1987). During the late 

phase of infection, the E1B-55K and E4orf6 proteins, along with cellular proteins 

cullin 5 (Cul5), Ring-box 1 (Rbx1), NEDD8, and elongins B and C, interact to 

form an E3 ubiquitin-protein ligase complex (Querido et al., 2001; Harada et al., 

2002) (Figure 2). Because the E4orf6 protein binds the elongin C moiety and the 

E1B-55K protein is involved in substrate recognition (Blanchette et al., 2004), 

both viral components of the complex are essential and the absence of either 

disrupts its function. The known cellular targets degraded by the adenovirus E3 

ubiquitin-protein ligase complex include p53 (Querido et al., 2001), members of  
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Figure 2. The E1B-55K/E4orf6 viral ubiquitin-ligase complex.  The E1B-

55K/E4orf6 complex is composed of the viral E1B-55K and E4orf6 proteins and 

the cellular proteins cullin 5, elongins B and C, and Rbx1. This complex 

reprograms ubiquitin ligase machinery to target cellular proteins for degradation 

(Sub) such as the cellular protein p53 (adapted from Woo and Berk, 2007). 
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the MRN DNA-damage recognition complex (Stracker et al., 2002), DNA ligase 

IV (Baker et al., 2007), and integrin 3 (Dallaire et al., 2009).  

 The E1B-55K/E4orf6 complex locates to the periphery of nuclear 

replication centers in infected cells during the beginning of the late phase of 

infection (Sarnow et al., 1984; Ornelles and Shenk, 1991) and preferentially 

exports late viral mRNAs from the nucleus to the cytoplasm (Babiss et al., 1985; 

Pilder et al., 1986; Bridge and Ketner, 1990) while simultaneously inhibiting 

export of cellular mRNAs (Beltz and Flint, 1979). This point is further illustrated 

by the observation that cellular mRNA is exported at near-normal rates but late 

viral mRNA export is diminished in cells infected with an E1B-55K-mutant or an 

E4orf6-mutant virus (Pilder et al., 1986; Huang and Hearing, 1989; Leppard and 

Shenk, 1989; Sandler and Ketner, 1991). The preferential export is specific to 

late viral RNA (Pilder et al., 1986), but is sequence-independent and proposed as 

being the result of the particular processing of these mRNAs (Leppard, 1993). 

The exact mechanism involved in regulation of RNA export is not fully 

understood, but the ubiquitin-ligase activity of the E1B-55K/E4orf6 complex is 

implicated in this process (Woo and Berk, 2007).  

 Research performed in the Ornelles laboratory also identified the E1B-55K 

and E4orf6 proteins as having functions that confer to adenovirus an ability to 

overcome growth restrictions imposed by the phase of the cell cycle at the time 

of infection (Goodrum and Ornelles, 1997; Goodrum and Ornelles, 1999). 

Synchronized populations of G1 and S phase cells infected with the wild-type 

virus show few, if any, differences in the virus life cycle. On the other hand, both 
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E1B-55K and E4orf6-mutant viruses exhibit decreased growth and replication in 

G1 phase-infected cells, yet S phase cells support a greater number of virus-

producing cells, higher virus yield, and more cytopathic effect during infection. 

The mutant viruses also direct higher rates of late viral protein synthesis in S 

phase versus G1-infected cells. The foundation of this cell cycle-imposed 

restriction lies within the late phase of infection, since levels of early viral protein 

synthesis and DNA synthesis are equivalent in G1 and S phase-infected cells 

(Goodrum and Ornelles, 1997). Together, these findings led to the hypothesis 

that S phase cells may alleviate the defect in late viral mRNA transport in the 

absence of E1B-55K and E4orf6 protein function. The cytoplasmic-to-nuclear 

ratio of late viral mRNA is, in fact, greater in S phase cells compared to G1-

infected cells infected with the mutant viruses. However, the total level of late 

viral mRNA available for translation in the cytoplasm is lower in S phase 

compared to G1 phase mutant virus-infected cells. This finding makes it difficult 

to explain how the mutant viruses direct higher rates of late viral protein 

synthesis in S phase cells, from lower amounts of viral mRNA nonetheless, and 

suggests that enhanced mRNA transport alone cannot fully explain the 

differences between the mutant virus life cycle in G1 and S phase-infected cells. 

The apparent redundancy in the cell cycle-related functions of the E1B-55K and 

E4orf6 proteins suggests that an activity of the E1B-55K/E4orf6 complex, in 

addition to or separate from late viral mRNA export, allows cell cycle-

independent growth of adenovirus. The current hypothesis of Ornelles and 

colleagues is that this activity most likely resides at the level of late viral mRNA 



26 

recruitment into the active translational machinery. Regardless, identification of 

this activity would provide further insight into E1B-55K and E4orf6 protein 

functions, and may provide information important to understanding the 

mechanism involved in the tumor selectivity of E1B-55K-mutant adenoviruses.  

 Control of RNA transport by the E1B-55K/E4orf6 complex is one 

mechanism believed to be responsible for preferential translation of late viral 

mRNAs and inhibition of cellular protein synthesis at late times of infection (Beltz 

and Flint, 1979; Babiss et al., 1985). Although RNA transport obviously plays a 

role, the preferential synthesis of late viral proteins moreover occurs at the level 

of ribosome recruitment and translation initiation (Babich et al., 1983). The role of 

the E1B-55K/E4orf6 complex in this process, particularly in governing the status 

of cellular translation initiation factors, is unknown.  Therefore, it is conceivable 

that the viral complex is more intimately involved in the mechanism of translation 

initiation on late viral mRNAs than has been previously appreciated.  

Eukaryotic Cap-Dependent Translation Initiation  

 In order to synthesize proteins, a critical event in any viral replicative 

cycle, viruses must depend completely on the cellular translational machinery. To 

determine how viruses manipulate and modify this machinery to their benefit, an 

understanding of the normal process of protein synthesis in the host cell is 

imperative. The majority of eukaryotic mRNA contains a 7-methylguanosine cap 

on its 5’ end and a 3’ polyadenosine (polyA) tail, and is translated by a cap-

dependent translation initiation mechanism. The collective goal of translation 

initiation is to efficiently deliver the methionyl initiator transfer RNA (Met-tRNAi) to 
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the peptidyl decoding site (P site) of the ribosome upon recognition of a start 

codon in order to facilitate the subsequent enzymatic processes of polypeptide 

synthesis. The first step towards accomplishing this goal is preparation, or 

‘activation,’ of the mRNA molecule for association with important proteins. To do 

this, multiple eukaryotic initiation factors (eIF) associate with the 5’ cap. Three 

eIFs in particular are members of the eIF4F cap-binding complex that is 

responsible for initial contact with the 5’ cap: the eIF4E cap-binding protein, the 

large scaffolding protein eIF4G, and the ATP-dependent helicase eIF4A (Figure 

3). Once associated with the 5’ cap, the eIF4F complex recruits and binds the 

pre-initiation complex (PIC).  

 The 43S pre-initiation complex (PIC) is a pre-assembled complex 

containing the Met-tRNAi and eIF2 coupled to a GTP molecule (also known as 

the ternary complex or TC), as well as eIFs 1, 1A, 3, and 5, and a 40S ribosomal 

subunit. The Met-tRNAi is securely held within the PIC by the GTP-charged eIF2 

moiety. Recruitment of the PIC to the 5’ end of mRNA occurs through protein-

protein interactions between eIFs of the PIC and members of the eIF4F complex. 

With cooperation from the eIF4A ATP-dependent helicase that melts any 

structural impediments within the 5’ UTR, the PIC scans in a 5’ 3’ direction 

searching for a triplet codon complementary to the Met-tRNAi codon. Upon 

recognition of this complementary ‘start’ codon, usually an AUG, the linear 

scanning process halts. At this point, it is believed that the eIF5 protein helps 

catalyze the irreversible hydrolysis of the GTP molecule bound to eIF2. This 

hydrolysis event is critical because it not only causes release of the Met-tRNAi 
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Figure 3. The cellular cap-dependent translation machinery. In order to 

deliver the Met-tRNAi to the ribosome and facilitate the enzymatic processes 

required to begin protein synthesis, the mechanism of cap-dependent translation 

initiation requires the binding of multiple eukaryotic initiation factors (eIFs) to the 

5’ cap. The eIF4F cap-binding complex is a group of proteins that is the first to 

interact with the 5’ cap of the mRNA molecule. The eIF4F complex includes the 

cap-binding protein eIF4E, the scaffold protein eIF4G, and the ATP-dependent 

helicase eIF4A (not shown). These proteins help recruit the pre-initiation complex 

(PIC). The PIC includes, among others, the eIF3 protein, which recruits 40S 

ribosomal subunits, and the multi-subunit protein eIF2. Together, these proteins 

and numerous others catalyze and orchestrate the events required to begin 

polypeptide synthesis. This figure shows a simplified schematic of cap-

dependent translation machinery in order to highlight those factors pertinent to 

the work presented in this dissertation.  
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 from the PIC by removing the GTP anchor, but it allows binding of the large 60S 

ribosomal subunit. The Met-tRNAi is released into the 80S ribosome, which is 

now capable of accepting aminoacyl tRNAs. Finally, the first peptide bond of the 

nascent polypeptide is made and the process of elongation can ensue (reviewed 

in Sonenberg and Hinnebusch, 2009). Translation initiation is the most highly 

regulated step of protein synthesis, mainly because it is the first. Regulation of 

translation initiation can occur by multiple mechanisms but usually involves 

inactivation of the eIF proteins.  

The eIF2 Translation Factor and Regulation by PKR  

 A critical target of regulation in the process of translation initiation is the 

eIF2 protein. The eIF2 protein associates with a GTP molecule and the Met-

tRNAi to form the ternary complex, which is a component of the PIC that was 

described in the previous section. During translation initiation, the ternary 

complex provides the energy necessary to deliver the Met-tRNAi to the ribosome 

in the form of a GTP molecule. Following GTP hydrolysis, eIF2-GDP must be 

replenished with eIF2-GTP in order for subsequent rounds of initiation to occur. 

Restoration of active ternary complexes is achieved by the guanine exchange 

factor, eIF2B. The eIF2 protein contains three subunits: , , and . The alpha 

subunit of eIF2 (eIF2 ) can become phosphorylated in response to various 

stimuli, causing the multi-subunit protein to tightly associate with and become a 

potent competitive inhibitor of its guanine exchange factor eIF2B. The tight 

association between the two proteins prevents the ability of eIF2B to recycle 

hydrolyzed GDP for GTP (Safer, 1983; Rowlands et al., 1988) (Figure 4), thus 
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Figure 4. Regulation of the eIF2 translation initiation factor by 

phosphorylation.  Phosphorylation of eIF2 occurs most frequently on a serine 

positioned at residue 51 of the  subunit. Phosphorylation of eIF2  increases the 

affinity of eIF2 for its guanine exchange factor eIF2B, leading to a tight 

association between the two proteins. This binding inhibits the ability of eIF2B to 

replenish the GTP molecule bound to eIF2, whose hydrolysis is necessary for 

successful translation initiation. 



32 

 



33 

 diminishing translation initiation. Regulation of eIF2 by phosphorylation is 

efficient and effective since the level of eIF2 is normally in excess of eIF2B 

(Oldfield et al., 1994). Therefore, very little eIF2  phosphorylation is sufficient to 

usurp the amount of eIF2B present in most cells and lead to a global inhibition of 

protein synthesis.  

 Four serine/threonine kinases are known to regulate eIF2  by 

phosphorylation at a serine residue at position 51: HRI, PERK, GCN2, and PKR 

(Samuel, 1993; Proud, 2005). The heme-regulated inhibitor kinase (HRI) is found 

in erythrocytes and phosphorylates eIF2  under conditions of heme deficiency, 

as well as in response to heat shock and oxidative stress (Chen, 2007). The 

control nonderepressible-2 kinase (GCN2) is activated in response to amino acid 

and nutrient starvation. The PKR-like endoplasmic reticulum kinase (PERK) 

phosphorylates eIF2  in response to endoplasmic reticulum stress, usually as 

part of the misfolded protein response. The dsRNA-dependent protein kinase R 

(PKR), however, is frequently the eIF2  kinase active during virus infection 

(Proud, 2005; Garcia et al., 2007).  

 PKR is a serine-threonine kinase that is constitutively expressed in most 

mammalian cells where it exists in a latent, monomeric form. It shares a kinase 

domain with the other eIF2  kinases, but is unique among the group in that it 

contains two dsRNA-binding domains (dsRBD). PKR is localized in the 

cytoplasm and has been found associated with 40S ribosomal subunits, but a 

small portion exists in the nucleus, especially when over-expressed. The 

classical and most frequent PKR activator is dsRNA, and pro-inflammatory 
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cytokines, growth factors, oxidative stress, polyanions, and heparin have also 

been observed to elicit PKR activity (Hovanessian and Galabru, 1987; Garcia et 

al., 2007). Synthesis of PKR is induced at the transcriptional level by the type I 

interferons IFN-  and IFN- , but activation of the kinase normally requires 

binding to dsRNA. However, a small number of proteins, most notably the PKR-

activating protein (PACT), have been identified as cellular activators of PKR that 

can function independently of dsRNA. The main function of PKR is 

phosphorylation of eIF2 , but it also mediates signaling through pathways 

involving STAT1 and STAT3, p53, NF- B, IRF-1, TLRs, and various members of 

the mitogen-activated protein kinase (MAPK) pathways such as p38 and JNK. 

Furthermore, PKR can stimulate apoptosis in response to virus infection or 

various cellular stress signals in non-infected cells (reviewed in Garcia et al., 

2006; Garcia et al., 2007). This overview is far from comprehensive, as the field 

of PKR research is constantly evolving to reveal new mechanisms of activation, 

regulation, and signaling. For the remainder of this section, the discussion of 

PKR will focus on its most well-known function as the dsRNA-induced kinase 

with a central role in the cellular response to virus infection.  

 Activation of PKR is a dynamic process that occurs in response to cellular, 

viral, or synthetic dsRNA molecules longer than 30 base pairs (bp) and with an 

optimal length of at least 80 bp. Prior to activation, the dsRBD serves an 

autoinhibitory function by blocking the PKR kinase domain. There is a bell-

shaped curve to the concentration of dsRNA that promotes PKR activation, 

where very low and very high dsRNA concentrations seldom induce PKR activity. 
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When dsRNA is present at an optimal concentration, the RNA molecules are 

recognized and bound by two amino-terminal dsRBDs during the near-

simultaneous homodimerization of two PKR monomers. The dsRBDs are linked 

by a flexible 20-amino acid linker that allows envelopment of the dsRNA 

molecule. Homodimerization leads to a cascade of conformational changes that 

relieve autoinhibition and expose the kinase domain. A process of 

autophosphorylation, most consistently at the two threonine residues 446 and 

451, facilitates activation of the kinase, promotes substrate recognition, stabilizes 

the dimer, and increases the catalytic activity of PKR. A recent report suggests 

that tyrosine phosphorylation may also be involved in the activation process (Su 

et al., 2006). Once the kinase is active, a conserved alpha helix within PKR binds 

eIF2  and orients the serine 51 residue within close proximity of the PKR 

catalytic domain. As described previously, phosphorylation of eIF2  at this site 

drastically reduces the capacity for ongoing cap-dependent translation initiation 

(reviewed in Samuel, 1993; Clemens, 1997; Garcia et al., 2006; Garcia et al., 

2007; Hovanessian, 2007).  

 It is not surprising that many mammalian viruses have evolved 

mechanisms to counter the detrimental effects of PKR and subsequent eIF2  

phosphorylation. Viruses interfere with this antiviral system by expressing gene 

products that prevent activation and dimerization of PKR, bind and sequester 

dsRNA, act as PKR pseudosubstrates, or reprogram cellular phosphatases. For 

example, the Kaposi’s sarcoma-associated herpesvirus (KSHV or HHV-8) 

expresses vIRF2 and vaccinia virus expresses K3L, proteins that bind and inhibit 
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autophosphorylation of PKR. Other viral proteins, like herpes simplex virus-1 

(HSV-1) US11, vaccinia virus E3L, influenza NS1, and reovirus 3, are RNA-

binding proteins that sequester dsRNA. These dsRNA-binding proteins 

effectively compete with PKR for the dsRNA activator to prevent PKR activation. 

The HSV-1 protein 34.5 recruits and reprograms the cellular phosphatase PP1 

to dephosphorylate eIF2 . Using a different approach, the EBERs and VAI RNA 

are non-coding RNA molecules that function as PKR pseudosubstrates to inhibit 

PKR during Epstein-Barr virus (EBV) and adenovirus infection, respectively 

(reviewed in Garcia et al., 2006; Garcia et al., 2007). The adenovirus VAI RNA 

was introduced in the section Late Viral RNA Synthesis and Structure and its 

function will be further discussed in the section Regulators of Protein Synthesis 

during the Late Phase of Infection.  

 Finally, some viruses evade the antiviral effects of PKR and eIF2  

phosphorylation by employing translation initiation mechanisms that provide 

independence from the need for active eIF2. Recent reports suggest viruses may 

be able to use the factor eIF5B for Met-tRNAi delivery in an environment with 

high phospho-eIF2  levels (Pestova et al., 2008; Terenin et al., 2008). Some 

alphaviruses, such as Sindbis virus and Semliki Forest virus, synthesize mRNA 

with a stem-loop downstream from the start codon that amasses ribosomes to 

allow translation even when eIF2  is highly phosphorylated (Ventoso et al., 

2006). Other viruses, like hepatitis C virus, use an internal ribosome entry site 

(IRES)-mediated, cap-independent mechanism that recruits 40S ribosomal 

subunits directly to the start codon. Adenovirus late viral proteins are synthesized 



37 

by a unique cap-dependent form of translation initiation called ribosome shunting 

that blends features of both linear scanning and IRES-dependent translation, 

although to what extent this provides protection from PKR-mediated effects 

remains poorly understood.  

Late Viral Protein Synthesis occurs by Ribosome Shunting  

 A small number of viral mRNAs employ an uncommon form of translation 

initiation known as ribosome shunting. These include the cauliflower mosaic virus 

35S mRNA (Futterer et al., 1993), Sendai virus Y mRNA (Latorre et al., 1998), 

plant pararetrovirus pregenomic RNA (Pooggin et al., 2006), duck hepatitis B 

virus reverse transcriptase (Sen et al., 2004), and adenoviral late mRNAs (Yueh 

and Schneider, 1996). Ribosome shunting has also been observed on cellular 

mRNA molecules encoding hsp70 (Yueh and Schneider, 2000) and the stress-

responsive protein cIAP2 (Sherrill and Lloyd, 2008). This discontinuous form of 

ribosome migration is distinct from the prototypical scanning-dependent 

mechanism used by a majority of capped mRNAs and from cap-independent 

mechanisms like internal ribosome entry site (IRES) translation.  

 Cap-dependent initiation by linear scanning involves binding of eIF4F 

complex to the 5’ cap, followed by nucleotide-by-nucleotide scanning of 40S 

ribosomal subunits in a 5’ 3’ direction until reaching an initiation codon (as 

previously discussed in the section Eukaryotic Cap-Dependent Translation 

Initiation). Cap-independent IRES-driven translation exhibits a modified or 

complete lack of dependence on the eIF4F complex, and involves binding of free 

40S ribosomal subunits directly to the initiation codon or ‘entry site’. The 
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mechanism of ribosome shunting, although still not well understood, contains 

characteristics of both mechanisms. Using a cap-dependent mechanism that 

includes binding of initiation factors, 40S ribosomal subunits are recruited to the 

5’ end of transcripts and are believed to undergo limited scanning along the 5’ 

most end of the UTR. Then, the ribosomal subunits are directed by cis-acting 

elements located within the 5’ noncoding region of mRNA to jump, or ‘shunt’, 

downstream to an initiation codon, bypassing large segments of secondary 

structure within the mRNA (Jackson, 2000). This generalized mechanism differs 

in each organism on the basis of requirements for cis-acting sequences and viral 

protein functions. For instance, shunting on cauliflower mosaic virus 35S mRNA 

and cIAP2 mRNA requires translation of a small upstream open-reading frame, 

whereas shunting on Sendai and adenovirus mRNAs does not (Morley and 

Coldwell, 2008). Another example of the mechanistic diversity of ribosome 

shunting is illustrated by the dependence of adenovirus late mRNA and 

cauliflower mosaic virus 35S mRNA shunting on the functions of the 100K and 

transactivating protein viral proteins, respectively (Xi et al., 2004; Morley and 

Coldwell, 2008). Regardless of the exact mechanism, ribosome shunting allows 

maximal expression from genes which would normally be expressed to only low 

levels, such as internal open-reading frames of polycistronic messages (Futterer 

et al., 1993; Latorre et al., 1998) or certain viral and stress-responsive messages 

within an environment where scanning-dependent gene expression is diminished 

(Yueh and Schneider, 1996; Yueh and Schneider, 2000; Sherrill and Lloyd, 

2008).  
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 The mechanism of ribosome shunting on adenovirus late mRNAs remains 

poorly understood, but has been shown to include the following events. First, a 

cap-dependent process recruits 40S ribosomal subunits, which are then believed 

to undergo what may be an unconventional form of linear scanning for at least 

40-60 nucleotides (Yueh and Schneider, 1996; Yueh and Schneider, 2000). 

These 40S subunits are then translocated to a location at or near a downstream 

initiation codon. The tripartite leader within the 5’ UTR of late viral mRNAs is 

essential for ribosome shunting. This 5’ element binds the viral 100K protein and 

tethers eIF4G to late viral mRNAs (Xi et al., 2004), and the complementarity to 

18S rRNA within portions of the tripartite leader may capture and retain 40S 

subunits or provide a necessary conformation for shunting (Yueh and Schneider, 

2000; Cuesta et al., 2001). The fact that regions of 18S rRNA complementarity 

drive ribosome shunting on a delayed-early phase adenovirus transcript that 

does not contain the tripartite leader, the IVa2 mRNA, may underscore the 

potential importance of these sequences to shunting (Yueh and Schneider, 

2000). Again, there are no known requirements for translation of upstream ORFs 

in the process of adenovirus ribosome shunting.  

Regulators of Protein Synthesis during the Late Phase of Infection  

 During the late phase of infection, adenovirus inhibits cellular protein 

synthesis and preferentially promotes translation of late viral proteins. The shut-

off of host protein synthesis cannot be attributed to a decrease in the 

transcription rate, stability, or fidelity of cellular mRNAs, but rather a decrease in 

ribosome recruitment and translation initiation (Babich et al., 1983). Therefore, 
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adenovirus appears to employ mechanisms that commandeer and modify 

translational machinery to promote initiation exclusively on late adenoviral 

mRNAs. The preferential synthesis of late viral proteins is facilitated by the 

collective action of certain viral regulators, including 100K, VAI RNA, E4orf1, and 

the E1B-55K/E4orf6 complex.  

 In an adenovirus-infected cell, the requirements for specific translation 

factors and their activities are altered to help direct the selective synthesis of late 

viral proteins. Translation of late adenoviral mRNAs requires a 5’ cap (Dolph et 

al., 1990) and association with the cap-binding protein eIF4E (Thomas et al., 

1992), an event assisted by the inactivation of eIF4E-binding proteins 1 and 2 

(4E-BP1 and 4E-BP2) at late times of adenovirus infection (Feigenblum and 

Schneider, 1996; Gingras and Sonenberg, 1997). However, late viral protein 

synthesis is not dependent on eIF4E phosphorylation and continues when the 

protein is non-phosphorylated (Huang and Schneider, 1991; Zhang et al., 1994; 

Yueh and Schneider, 1996). The adenovirus L4-100K protein prevents binding of 

the eIF4E kinase Mnk1 to eIF4G in adenovirus-infected cells and therefore 

causes dephosphorylation of eIF4E (Cuesta et al., 2004). For this reason, the L4-

100K protein is implicated in the inhibition of host protein synthesis (Huang and 

Schneider, 1991; Zhang et al., 1994). Also, the 100K protein is required for 

efficient and successful initiation of late viral protein synthesis (Hayes et al., 

1990), a function now known to be a result of its binding to eIF4G and the 

tripartite leader to enhance 40S ribosomal subunit recruitment to initiate 

translation by ribosome shunting (Xi et al., 2004).  
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 Adenovirus expresses at least one known gene product that functions to 

prevent PKR-mediated eIF2  phosphorylation during the late phase of infection. 

The virus-associated RNA molecule I, or VAI RNA, is a non-coding, 160-

nucleotide RNA molecule synthesized by polymerase III and highly expressed 

during the late phase of infection (Price and Penman, 1972; Weinmann et al., 

1974; Soderlund et al., 1976). VAI RNA has a complex structure (Ma and 

Mathews, 1996) and is divided into three domains: a double-stranded apical 

stem, a central domain, and a terminal stem. The apical stem binds the two 

amino-terminal dsRBDs of PKR (Clarke et al., 1994), and the central domain 

contains structural components that inhibit activation of the kinase (Mathews and 

Shenk, 1991; Rahman et al., 1995). Therefore, the apical stem and central 

domain cooperate to prevent PKR activation during the late phase of infection. 

This process is apparently irreversible since the addition of the dsRNA analog 

polyI:C or reovirus dsRNA fails to activate PKR when VAI RNA is already bound 

(Galabru et al., 1989). The terminal stem is dispensable to the process of PKR 

inhibition (Wahid et al., 2008), although it may play a role in suppressing RNA 

interference (Andersson et al., 2005) or other functions that have yet to be 

discovered. The VAI RNA molecule has been shown to associate with ribosomes 

(Schneider et al., 1984), RNA (Mathews and Pettersson, 1978; Mathews, 1980), 

and almost all VAI RNA is bound by the La autoantigen (Lerner et al., 1981; 

Francoeur and Mathews, 1982). The high level of VAI RNA expression during the 

late phase of infection, coupled with its ability to bind directly to PKR (Katze et 

al., 1987), is thought to saturate the dsRBDs of PKR and prevent subsequent 
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activation by dsRNA of any origin. Through these actions, VAI RNA is believed to 

be responsible for preventing phosphorylation of eIF2  at late times of 

adenovirus infection (Mathews and Shenk, 1991). Preventing PKR activation and 

subsequent eIF2  phosphorylation (Schneider et al., 1984; Reichel et al., 1985; 

Schneider et al., 1985; Siekierka et al., 1985; Kitajewski et al., 1986; O'Malley et 

al., 1986) is implicated as the primary mechanism behind the requirement of VAI 

RNA for efficient late viral protein synthesis (Thimmappaya et al., 1982; 

Schneider et al., 1984; Svensson and Akusjarvi, 1984; Mathews and Shenk, 

1991). However, VAI RNA does not appear involved in the inhibition of host 

protein synthesis since cellular proteins are synthesized to equivalent levels in 

wild-type and VAI RNA-mutant virus-infected cells (Mathews and Shenk, 1991).  

 Despite an extensive amount of research, there remains a level of 

ambiguity in regard to the involvement of VAI RNA in the molecular mechanism 

of late viral protein synthesis and regulation of eIF2  phosphorylation. The point 

at which VAI RNA functions in late viral protein synthesis has been traced to 

translation initiation and more precisely between the steps of ternary complex 

(Met-tRNAi, eIF2, and GTP) formation and association with mRNA (Schneider et 

al., 1984; Reichel et al., 1985). It is not understood if or how VAI RNA is involved 

in the mechanism of ribosome shunting. Even further puzzling is the observation 

that there remains a considerable level of phospho-eIF2  in adenovirus-infected 

cells at 18 h post-infection in the presence of a PKR inhibitor (Huang and 

Schneider, 1990). These unresolved issues reveal the possibility that multiple 

adenovirus gene products, in addition to VAI RNA, may cooperate to regulate 
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PKR activation and eIF2  phosphorylation during the late phase of infection.  

 Another recently discovered regulator of late viral protein synthesis is the 

small, 14 kDa E4orf1 protein. This early viral protein is an adapter molecule that 

serves as the primary oncogenic determinant of the group D adenovirus serotype 

Ad9 (Thomas et al., 1999; Thomas et al., 2001). The transforming capability is 

inherent to this protein, since substitution of the E1-transactivating region within 

the group C Ad5 genome with the Ad9 E4orf1 gene renders this normally non-

cancerous group of viruses oncogenic (Thomas et al., 2001). Although the group 

D (Ad9) E4orf1 protein shares over 50% identity and 70% sequence similarity 

with the group C (Ad5) E4orf1 protein, the Ad9 E4orf1 protein is distinctly 

tumorigenic (Weiss et al., 1997). It is most likely for this reason that the Ad9 

E4orf1 protein is the prototype of which most research on this protein has 

focused. The E4orf1 protein contains a PDZ-binding motif within its carboxy 

terminus, making it the first viral protein discovered to have such a domain (Lee 

et al., 1997). The PDZ proteins play a critical role in forming complexes with 

signaling capabilities (Sheng and Sala, 2001). Through its PDZ-binding motif, the 

adenovirus E4orf1 protein binds the cellular PDZ-containing proteins MUPP1, 

PATJ, MAGI-1, ZO-2, and Dlg1 (Lee et al., 1997; Javier, 2008). These proteins 

are predominantly associated with epithelial cell-cell junctions as components of 

either tight junctions or adherens junctions, and the E4orf1 protein relocalizes 

these targets to either the plasma membrane or insoluble complexes in the 

cytoplasm (Javier, 2008). It was recently reported that the main determinant of 

this disparate localization of E4orf1-binding partners to the plasma membrane or 
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to insoluble complexes is whether E4orf1 exists as a monomer or a trimer, 

respectively (Chung et al., 2008). Ultimately, the E4orf1 protein elicits signaling 

via the phospatidyl-inositol 3’-kinase (PI3K) pathway to proteins such as the 

mammalian target of rapamycin (mTOR), protein kinase B (Akt), and S6 

ribosomal protein kinase (p70-S6K) through its association with PDZ-binding 

proteins (Frese et al., 2003; O'Shea et al., 2005; Javier, 2008).  

 A recent report by Thomas and Ornelles (Thomas et al., 2009) uncovered 

a role for the E4orf1 protein in late viral protein synthesis during infection with the 

group C Ad5 virus. This work revealed that E4orf1 can promote phosphorylation 

of the downstream effectors Akt and p70-S6K by both PI3K-dependent and 

PI3K–independent mechanisms, most likely through the action of the Rho-like 

GTPase Rac1. Furthermore, this work found that the E4orf1 restricts late viral 

protein synthesis in cells infected with an E1B-55K-mutant virus (Thomas et al., 

2009). Through the use of various inhibitors, it was suggested that stimulation of 

PI3K activity or induction of Rac1-mediated phosphorylation of Akt and p70-S6K 

were most likely not responsible for the restriction of late viral protein synthesis 

by the E4orf1 protein. However, removal of the E4orf1 protein from the E1B-55K-

mutant virus genome allowed wild-type rates of late viral protein synthesis, 

although the underlying mechanism of how the E4orf1 protein restricts translation 

in this context was not elucidated.  

 Finally, the E1B-55K and E4orf6 proteins are involved in promoting 

efficient late viral protein synthesis. The functions of these two proteins, both 

individually and together as part of the E1B-55K/E4orf6 complex, were described 
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in the section The E1B-55K and E4orf6 Proteins and the E1B-55K/E4orf6 Viral 

Ubiquitin-Ligase Complex. By convention, their main contribution to promoting 

late viral protein synthesis is attributed to the preferential export of late viral 

mRNA by the E1B-55K/E4orf6 complex. Yet, this function alone is not always 

sufficient to account for differences in the efficiency of late viral protein synthesis, 

as observed by our laboratory and the work of Babiss and Ginsberg (Babiss et 

al., 1985). In fact, Babiss and colleagues concluded that the primary function of 

the E1B-55K protein, which we can presume is most likely in concert with the 

E4orf6 protein as part of the E1B-55K/E4orf6 complex, is the “facilitation of the 

successful entry into the protein synthesis machinery accompanied by 

stabilization of the mRNA.”  

 The adenovirus E1B-55K and E4orf6 proteins promote late viral protein 

synthesis, yet a direct relationship with cellular translational machinery has not 

been described. The work presented in this dissertation describes an apparent 

new layer of regulation in the activation of PKR and phosphorylation of eIF2  

during a productive adenovirus infection. At late times of infection, the E1B-55K 

and E4orf6 proteins maintain a low level of phospho-eIF2  by preventing PKR 

activation. This activity correlates with the ability of the E1B-55K and E4orf6 

proteins to promote late viral protein synthesis. It seems likely that the E1B-55K 

and E4orf6 proteins suppress a dsRNA-mediated signal because expression of 

the reovirus 3 protein, which binds and sequesters dsRNA (Jacobs and 

Langland, 1998), prevents PKR activation, blocks eIF2  phosphorylation, and 

restores late viral protein synthesis in cells infected with an E1B-55Kor E4orf6-
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mutant adenovirus. Expression of the 3 protein does not correct the defect in 

late viral mRNA accumulation, leading us to conclude that the E1B-55K and 

E4orf6 proteins sustain late viral translation by preventing the phosphorylation of 

eIF2 . This is precisely the role attributed to the adenovirus inhibitor of PKR, VAI 

RNA (Mathews, 1990). Nonetheless, because cytoplasmic levels of VAI RNA and 

VAII RNA do not differ among cells infected with the wild-type or mutant viruses, 

it seems unlikely that the E1B-55K and E4orf6 proteins influence VA RNA 

synthesis or transport. Although it remains unclear whether or how the E1B-55K 

and E4orf6 proteins support the function of VAI RNA, additional experiments 

indicate that an activity of the Cul5-containing ubiquitin-ligase formed by the E1B-

55K and E4orf6 proteins is essential for the regulation of eIF2  phosphorylation 

and PKR activation. Furthermore, our studies have found that the E4orf1 protein 

facilitates the high level of PKR activation and subsequent eIF2  phosphorylation 

in the absence of E1B-55K protein function. We hypothesize that the E4orf1 

protein contributes to the defect in late viral protein synthesis during an E1B-55K-

mutant virus infection by inducing PKR activation and eIF2  phosphorylation in 

an adenovirus-infected cell. Collectively, the work presented here describes a 

previously unidentified interplay between the E1B-55K/E4orf6 complex, E4orf1, 

and VAI RNA viral regulators of late viral protein synthesis. Moreover, it is 

consistent with and extends an emerging pattern in adenovirus biology that 

reflects how some viral proteins have evolved to perform antagonistic functions 

throughout the viral life cycle to establish a precisely coordinated, productive 

infection.  
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CHAPTER 2: MATERIALS AND METHODS 

Cell culture 

 Cell culture media, cell culture supplements, and sera were obtained from 

Invitrogen Life Technologies (Gaithersburg, MD) or HyClone (Logan, UT) through 

the Tissue Culture and Virus Vector Core Laboratory of the Comprehensive 

Cancer Center of Wake Forest University. Cervical carcinoma-derived HeLa cells 

(ATCC CCL 2; American Type Culture Collection, Manassas, VA) were 

maintained as monolayer cultures in Dulbecco-modified Eagle’s minimal 

essential medium (DMEM) supplemented with 10% newborn calf serum. HeLa 

cells expressing the reovirus type 3 Dearing sigma 3 protein ( 3-HeLa) and their 

parental cell line (CTRL-HeLa) were kindly provided by G. Parks (Wake Forest 

University School of Medicine) and previously described (Gainey et al., 2008). 

The CTRL-HeLa cells were maintained in DMEM supplemented with 10% fetal 

bovine serum and 3-HeLa cells were maintained under selection with DMEM 

with 10% FBS containing 500 μg/mL of G418. Cells were screened for 

expression of 3 protein with the 3 anti-serum 4F2, kindly provided by T. 

Dermody (Vanderbilt University School of Medicine). The HeLa cells stably 

expressing a PKR-directed shRNA (HeLa-PKR-k/d) were kindly provided by C. 

Samuel (University of California-Santa Barbara) and previously described (Zhang 

and Samuel, 2007). The HeLa PKR-k/d cells were maintained under selection in 

DMEM supplemented with 5% FBS and 1μg/mL of puromycin as suggested. All 

cells were incubated at 37°C in a humidified atmosphere containing 5% CO2 and 

maintained as subconfluent monolayers achieved by passaging 2-3 times weekly 
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at an appropriate dilution (1:10-1:20).  

Viruses  

 The wild-type virus used throughout this study is the adenovirus type 5 

strain dl309, a phenotypically wild-type virus that lacks the portion of the E3 

region that has been shown to be dispensable for growth in tissue culture (Jones 

and Shenk, 1979). The E1B-55K mutant virus dl1520 (Barker and Berk, 1987) 

contains an 827-bp deletion within the E1B-55K coding region, in addition to a 

premature termination codon that prevents expression of smaller splice variants 

of the E1B-55K protein. The E1B-55K mutant dl338 (Pilder et al., 1986) contains 

a smaller (524-bp) deletion within the E1B-55K gene and can therefore express 

the protein variants not expressed by dl1520. The E1B-55K mutant virus dl110 

(Babiss et al., 1985) contains a 472-bp deletion within the E1B coding region that 

causes a frameshift and insertion of a stop codon, leading to expression of a 

truncated 14 kDa protein. The E4orf6 mutant virus dl355* (Huang and Hearing, 

1989) has a restored E3 region and contains a 14-bp deletion within the E4orf6 

gene. The replication-deficient virus, H5wt300 pTP, contains a deletion within 

the E2 gene encoding the preterminal protein and has been previously described 

and characterized (Schaack, 2005). The E4orf1-mutant virus in351 contains a 5-

bp insertion within the E4orf1 coding region (Halbert et al., 1985). The 

E4orf1/E1B-55K-double mutant virus MAT2 was generated by recombination of 

the mutated regions present in dl1520 and in351 using recombination techniques 

(as described in Shepard and Ornelles, 2003). The viruses 5, 5-FL (FL; full-

length), and 5-NTD (NTD; N-terminal domain) have been previously described 
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(Woo and Berk, 2007) and were kindly provided by A. Berk (University of 

California, Los Angeles). All viruses were grown in HEK293 cells and 

concentrated virus stocks prepared by sequential centrifugation through CsCl 

gradients as described previously (Shepard and Ornelles, 2004).  

 Virus infectivity was determined for each of the cell lines (HeLa, CTRL-

HeLa, 3-HeLa, and HeLa-PKR-k/d) used in this study prior to infection. To 

perform adenovirus infections, cells were seeded approximately 16 h prior to 

infection at a density of 5-10 104 cells per cm2. At the time of infection, cells were 

counted and the appropriate amount of virus required to infect each cell with 10 

plaque-forming units (pfu) was diluted in adenovirus infection medium (PBS 

supplemented with 0.2 mM CaCl2, 2 mM MgCl2, and 2% calf serum). Virus was 

applied to cells in a volume one-half the normal culture volume and culture 

vessels gently rocked for 1 h at 37°C. Virus suspension was then removed and 

replaced with complete culture medium, and cells returned to normal culture 

conditions.  

 For experiments with the 5, 5-FL, and 5-NTD viral constructs, cells 

were infected as described (Woo and Berk, 2007). Briefly, HeLa cells were 

infected with each Cul5 construct at a multiplicity of infection (MOI) of 50 pfu per 

cell for 1 h and then virus replaced with complete culture medium. At 16 h post 

infection, the same cells were super-infected with dl309 or dl1520 virus at an 

MOI of 40 pfu per cell for 1 h. Following replacement with complete culture 

medium, the infection was allowed to proceed for approximately 30 h, at which 

time whole cell lysates were collected for immunoblot analysis.  
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Late viral protein synthesis  

 At each time point indicated, late viral protein synthesis was analyzed by 

first starving cells for 30 min in methionine- and cysteine-free DMEM for 30 min. 

Cells were then pulse-labeled for 1 h with approximately 0.1 mCi/mL 35S-

methionine (Trans35S-label, MP Biomedicals, Costa Mesa, CA) in methionine- 

and cysteine-free DMEM supplemented with 2% serum. Whole cell lysates were 

collected in the presence of hot (95°C) SDS Protein Sample Buffer containing 

20% SDS, 0.5 M Tris (pH 6.8), glycerol, 0.01% bromophenol blue and 2.5% -

mercaptoethanol. Approximately 5-10 103 cells were loaded per lane of a 10% 

polyacrylamide gel and resolved by SDS-polyacrylamide gel electrophoresis. 

PAGE gels were stained with Coommassie blue (50% methanol, 10% acetic 

acid, 0.25% R-250) for 1 h and then destained overnight in fixative containing 

20% glacial acetic acid-7% methanol. Gels were dried and either exposed to 

X-ray film and developed or analyzed by phosphorescence imaging using a 

Molecular Dynamics PhosphorImager. Quantification of protein was performed 

using ImageQuant analysis software (Molecular Dynamics, Sunnyvale, CA).  

Immunoblot analysis and antibodies  

 At each time point, whole cell lysates were collected in the presence of 

protease and phosphatase inhibitors and resuspended in hot SDS Protein 

Sample Buffer. Briefly, cells were washed with ice-cold PBS and then incubated 

minimally with 0.1% trypsin, 1 mM EDTA in PBS on ice to disrupt the adherent 

monolayer. Complete cell culture medium and PBS supplemented with protease 

and phosphatase inhibitors (2 mM EDTA, 1 mM NaF, 1 mM sodium 
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pyrophosphate, 1 mM PMSF, 1 mM Na3VO4, and 2 μM leupeptin) were added, 

and cells collected and pelleted. Cell pellets were washed twice with 

PBS+inhibitors and final pellets resuspended in one-tenth volume PBS+inhibitors 

at a concentration of 100 μL per 1 106 cells. Whole cell lysates were heated at 

95°C for 5 min, sonicated, and debris deposited by centrifugation.  

 For poly(I:C) treatment, HeLa cells were exposed to 200 ng/mL poly(I:C) 

(InvivoGen #tlrl-pic, San Diego, CA) diluted in complete culture medium for 6, 12, 

and 24 h and whole cell lysates collected as outlined above. For treatment with 

the 26S proteasome inhibitor MG132 (Z-Leu-Leu-Leu-al) (Sigma #C2211), HeLa 

cells were mock-infected or infected with wild-type and E1B-55K-mutant viruses 

at an MOI of 10 pfu per cell. At 2 h post-infection, cells were treated with 10μM 

MG132 in 100% DMSO or 10μM DMSO-only diluted in DMEM/10% NCS, or left 

untreated. Whole cell lysates were collected at 30 h post-infection as described 

above.  

 Protein from an equivalent number of cells was resolved by SDS-PAGE 

and then transferred to 0.2 μM nitrocellulose (Whatman Protran BA83, Dassel, 

Germany). Membranes were blocked with 5% non-fat dry milk in TBS-BGT (all 

TBS-BGT solutions were made using a final concentration of 0.1% Tween-20 

detergent). Separated and immobilized proteins were evaluated with the 

following antibodies according to manufacturers’ instructions: rabbit polyclonal 

total eIF4E (Cell Signaling Technology #9742 (Danvers, MA)), rabbit polyclonal 

phospho-eIF4E (Cell Signaling Technology #9741), rabbit polyclonal eIF4GI 

(either Cell Signaling Technology #2498 or Bethyl Laboratories, Inc. #A300-502A 
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(Montgomery, TX)), rabbit polyclonal phospho-eIF2 (Ser51) (either Cell 

Signaling Technology #9721 (Danvers, MA) or Santa Cruz Biotechnology #SC-

101670 (Santa Cruz, CA)), rabbit polyclonal total eIF2  (Cell Signaling 

Technology #9722), rabbit polyclonal eIF2B  (Santa Cruz Biotechnology #SC-

28854), rabbit monoclonal phospho-PKR (Thr446 or Thr451) (Epitomics #1120-1 

or #2283-1, respectively (Burlingame, CA)), rabbit polyclonal total PKR (Cell 

Signaling Technology #3072), mouse monoclonal -actin (Sigma, clone AC-15 

mouse ascites fluid (St. Louis, MO)), rabbit polyclonal Mre11 (Calbiochem 

#PC388, San Diego, CA), and mouse monoclonal anti-human p53 (BD 

Pharmingen #554293, clone DO-1, San Jose, CA). The mouse monoclonal 

antibody specific for the reovirus 3 protein (antibody 4F2) was kindly provided 

by T. Dermody (Vanderbilt University). Rabbit antiserum specific for the Ad5 

virion was raised against purified, disrupted Ad5 virions as described previously 

(Woo and Berk, 2007) and was kindly provided by A. Berk (University of 

California, Los Angeles). Immune complexes were visualized with horseradish 

peroxidase-conjugated secondary antibodies from Jackson ImmunoResearch 

Laboratories (West Grove, PA) and subsequent incubation with SuperSignal 

chemiluminescent substrate from Pierce (Rockford, IL).  

Cell fractionation and RNA isolation  

 All solutions used for RNA purification were prepared using DEPC-treated 

RNase-free water. At 32 or 36 h post-infection, approximately 6 105 mock-

infected or infected HeLa, CTRL-HeLa, or 3-HeLa cells were scraped in ice-cold 

PBS and then pelleted at 4°C at 400 g. Pellets were resuspended in PBS, 
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transferred to a microtube and pelleted at 4°C at 800 g. Pellets were 

resuspended in isotonic buffer (10 mM NaCl, 10 mM Tris-Cl [pH 7.4], 3 mM 

MgCl2) supplemented with one-twentieth volume vanadyl ribonucleoside complex 

and incubated on ice for 5 min. While gently mixing, an equal volume of isotonic 

buffer supplemented with detergent (10% sodium deoxycholate, 20% Tween-40) 

was added and the cells incubated on ice for an additional 5 min. After 

centrifugation at 4°C at 1,000 g, the cytoplasmic fraction was collected. 

Cytoplasmic RNA was further purified using Trizol LS reagent (Life Technologies) 

and resuspended in 10 μM sodium acetate. RNA preparations were not 

subjected to any form of DNase treatment following purification. Concentrations 

of RNA were determined using a NanoDrop ND-1000 Spectrophotometer 

(Thermo Fisher Scientific). 

Quantitative Reverse Transcriptase Real-Time PCR  

 Approximately 25 ng of cytoplasmic RNA was reverse-transcribed using 

qScript cDNA SuperMix (Quanta Biosciences, Inc., Gaithersburg, MD) according 

to manufacturer’s instructions using an Eppendorf MasterCycler EP (Westbury, 

NY). Subsequently, one-tenth the reaction volume was used for quantitative PCR 

using PerfeCTa SYBR Green FastMix, ROX (Quanta Biosciences, Inc., 

Gaithersburg, MD). Control reactions were performed that contained RNA in the 

absence of reverse transcriptase enzyme present in the cDNA SuperMix. Briefly, 

triplicate 20 μL reactions were assembled and contained cDNA or viral DNA, 

PerfeCTa SYBR Green FastMix, forward and reverse primers (250 nM final 

concentration each), and nuclease-free water. Reaction mixes were incubated 
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using a revised protocol as follows: 50°C for 2 min, 95°C for 1 min, and 40 cycles 

of 95°C for 15 seconds, 60°C for 1 min. Reactions were performed and analyzed 

using the ABI Prism 7000 Sequence Detection System (Applied Biosystems, 

Forest City, CA). The following primers were used in quantitative PCR reactions: 

VAI RNA-fwd: 5'-ACT CTT CCG TGG TCT GGT GGA TAA-3', VAI RNA-rev: 5'-

TTG TCT GAC GTC GCA CAC CT-3', VAII RNA-fwd: 5'-TTT CCA AGG GTT 

GAG TCG CGG-3', VAII RNA-rev: 5'-TGT TTC CGG AGG AAT TTG CAA GCG-

3', hexon-fwd: 5'-ACC CAT TTA ACC ACC ACC GCA ATG-3' , hexon-rev: 5'-TAA 

TGC TGG CTC CGT CAA CCC TTA-3'. To present the VAI and VAII RNA 

results, the cycle threshold calculated for each reaction was compared to a 

standard curve generated with adenovirus genome concentrations ranging 

between 1-107 genomes per reaction. To present the hexon mRNA results in 

CTRL-HeLa and 3-HeLa cells, the cycle threshold calculated for each reaction 

was compared to a standard curve generated by reverse transcription of a serial 

dilution of cytoplasmic extracts from wild-type virus-infected cells prepared in 

non-infected cell lysates.  

Cell Synchronization  

 HeLa cells were synchronized to G1 and S phases of the cell cycle using 

a combination of mitotic shake and hydroxyurea treatment as described by 

Ornelles and colleagues (see Ornelles et al., 2007). Briefly, mitotic cells were 

enriched from subconfluent HeLa cell monolayers by mechanical disruption 

(‘mitotic shake’) and gently collected by centrifugation. Using a temporally 

staggered plating scheme that would yield G1 and S cells at one time point, the 
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mitotic cells were plated in Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with 10% NCS and 2mM hydroxyurea at a density of 1.5  105 

cells per cm2 (G1) or 2.5  105 cells per cm2(S). After approximately 11-13 h of 

hydroxyurea treatment, cells will have accumulated at the G1/S border of the cell 

cycle, as verified by multiple experiments (see Ornelles et al., 2007). 

Hydroxyurea-containing media was removed, cells washed once with warm PBS, 

and the wash replaced with fresh DMEM/10% NCS with no drug. After removal of 

hydroxyurea, cells progress through the cell cycle as a synchronized cohort. 

Cells were then infected at a multiplicity of infection of 10 pfu per cell (as 

described in the previous section, Viruses) as they passed through either G1 or S 

phase of the cell cycle. At various times following infection, the cells were 

evaluated by radiolabeling to measure the rates of late viral protein synthesis, or 

by immunoblotting to determine the levels of phosphorylated PKR and eIF2 .  

Transient Transfection 

 For transient transfection experiments, 2μg plasmid DNA was transfected 

per 35mm well with Lipofectamine and Plus Transfection Reagents (Invitrogen) 

according to manufacturer’s instructions. Briefly, DNA was diluted in serum-free, 

antibiotic-free DMEM and then an appropriate volume of PLUS reagent added. 

This mixture was incubated at room temperature for 15 minutes, and during this 

time Lipofectamine reagent was diluted in serum-free, antibiotic-free DMEM. The 

two solutions were mixed together and DNA complexes allowed to form for an 

additional 15 minutes at room temperature. HeLa cells were plated at a density of 

2.5  105 cells per cm2 in DMEM/10% NCS (no antibiotics), and the appropriate 
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volume of transfection matrix was added directly to the cell suspension at the 

time of plating (according to the Invitrogen Short Transfection Protocol). At 24 h 

post-transfection, culture medium was replaced with fresh medium or with 

DMEM/10% NCS containing 200ng/mL poly(I:C). Whole cell lysates were 

collected as previously described at 48 h post-transfection/24 h post-poly(I:C) 

treatment. Plasmids included in these experiments include: enhanced GFP 

plasmid (EGFP) (Clontech #6085-1 pEGFP-N1 (Mountain View, CA)), GLuc 

plasmid (New England Biolabs #N8081S pCMV-GLuc (Ipswich, MA)), the HA-

tagged 5ORF1 plasmid (HA-5ORF1) (kindly provided by RT Javier and described 

in Weiss et al., 1997), and the HA-5ORF1 parental plasmid pCMV-Neo-Bam3 

(described previously in Hinds et al., 1990). Expression of the HA-tagged E4orf1 

protein was determined at 48 h post-transfection by whole cell indirect 

immunofluorescence. Cells were fixed with 4% paraformaldehyde, permeabilized 

with Triton-X-100, and detection of HA performed using an affinity-isolated rabbit 

anti-HA primary antibody (Sigma #H6908, St. Louis, MO) and an Alexa-Fluor 

568-conjugated goat anti-rabbit secondary antibody.  
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CHAPTER 3: RESULTS 

I. The adenovirus E1B-55K and E4orf6 proteins limit eIF2  phosphorylation 

during the late phase of infection  

The E1B-55K and E4orf6 proteins are required for efficient late viral protein 

synthesis 

 The rate of protein synthesis was measured during infection with the wild-

type adenovirus and E1B-55K and E4orf6-mutant viruses. At various times 

following infection, HeLa cells were pulse-labeled with radioactive amino acids 

and proteins subsequently analyzed by SDS-PAGE and autoradiography (Figure 

5A). Viral protein synthesis in both mutant and wild-type virus-infected cells 

peaked between 24-30 h post-infection. As expected, the rate of late viral protein 

synthesis directed by the E1B-55K and E4orf6-mutant viruses was less than the 

rate directed by the wild-type virus. The overall rate of hexon protein synthesis 

was two- to three-fold higher in wild-type virus-infected cells compared to mutant 

virus-infected cells (Figure 5B). These results are in accord with previously 

published reports showing that that the E1B-55K and E4orf6 proteins are 

required for efficient late viral protein synthesis.  

The E1B-55K and E4orf6 proteins do not affect the status of eIF4E or eIF4G, 

but are required to maintain a low level of eIF2  phosphorylation at late 

times of infection.  

 To determine if the E1B-55K and E4orf6 proteins contribute to efficient 

late viral protein synthesis by regulating eukaryotic translation initiation factors,  
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Figure 5. The E1B-55K and E4orf6 proteins are required for efficient late 

viral protein synthesis.  (A) HeLa cells were mock-infected or infected at an 

MOI of 10 pfu/cell with wild-type dl309, E1B-55K-mutant virus dl1520, or the 

E4orf6-mutant virus dl355*. At the times indicated, cells were pulse-labeled for 

one hour with radioactive amino acids. Protein from 1x104 cells (per lane) were 

resolved by SDS-PAGE and visualized by exposure to X-ray film. Labels for 

hexon (Hx), penton base (Pt), the 72 kDa DNA-binding protein (DBP), and fiber 

(Fb) are shown at the far right of the image. Results are representative of at least 

three experiments. (B) The rate of hexon synthesis is shown as a function of time 

post-infection. The radioactivity present in the band corresponding to hexon at 

120 kDa was quantified from an image obtained by phosphorescence imaging. 

The background of cellular protein synthesis was subtracted from each lane’s 

value measured for hexon. The rate of hexon synthesis measured at 36 hpi in 

cells infected with dl1520 was set to a value of 1. 
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the level and phosphorylation of eIF4E, eIF4G, and eIF2  were compared among 

HeLa cells infected the wild-type virus and E1B-55K and/or E4orf6-mutant 

viruses. At various times during the late phase of infection, the level and 

phosphorylation of these translation factors were evaluated by immunoblotting. 

For eIF4E, the analysis was performed in synchronized HeLa cells as part of a 

parallel set of experiments, and it is unlikely that results from separate G1 and S 

phase-infected populations obscure characteristics of the asynchronous 

population as a whole. Phosphorylation of eIF4G was not evaluated since no 

functionally-relevant phosphorylation site has been discovered within this protein.  

 We observed no significant differences in the total level or phosphorylation 

of eIF4E (Figure 6) and eIF4G (Figure 7) during wild-type and E1B-55K-mutant 

virus infections at late times. However, striking differences were observed in the 

phosphorylation of eIF2. There was a substantial decrease in the relative 

phosphorylation of serine 51 on the alpha subunit of eIF2 (eIF2 ) in wild-type 

virus-infected cells compared to cells infected with E1B-55K and E4orf6-mutant 

viruses (Figure 8A). The level of eIF2  phosphorylation in wild-type virus-

infected cells was lower than that observed in mock-infected cells, but continually 

increased over time in cells infected with both E1B-55K and E4orf6-mutant 

viruses. By 36 h post-infection, there was a 7-10 fold increase in the 

phosphorylation of eIF2  in mutant virus-infected cells compared to wild-type 

virus-infected cells (Figure 8B). Similar results were obtained in HeLa cells 

infected with a third E1B-55K-mutant virus, dl110 (data not shown). These results 

suggest that the E1B-55K and E4orf6 proteins maintain a low level of eIF2   
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Figure 6. The total level and phosphorylation of eIF4E are similar in wild-

type and E1B-55K-mutant virus-infected HeLa cells.  Whole cell lysates from 

synchronized, infected HeLa cells and mock-infected cells were collected and an 

equal number of cells resolved by SDS-PAGE. Immunoblotting was performed 

using antibodies to total eIF4E and phospho-eIF4E (Ser209). -actin levels are 

shown as a loading control. An insufficient number of cells were loaded for the 

mutant virus G1 36 hpi sample. All analyses were performed on the same 

immunoblot. 
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Figure 7. The total level of eIF4G is similar in wild-type and E1B-55K-mutant 

virus-infected HeLa cells.  HeLa cells were infected at an MOI of 10 pfu/cell 

with wild-type dl309 or E1B-55K-mutant dl1520 viruses. At various times during 

the late phase of infection, whole cell lysates were collected and analyzed by 

western blot for levels of eIF4G and -actin.   
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phosphorylation during the late phase of adenovirus infection, but have no effect 

on the total level of eIF4E and eIF4G or the phosphorylation of eIF4E.  

 Phosphorylation of eIF2  diminishes the rate of protein synthesis by 

usurping the guanine exchange factor eIF2B, a factor whose cellular 

concentration is limiting. The level of eIF2  phosphorylation measured during 

E1B-55K and E4orf6-mutant virus infections would normally be associated with a 

near complete inhibition of protein synthesis (Proud, 2005). However, as shown 

in Fig. 5, a considerable level of protein synthesis continues during these 

infections. A potential mechanism that could allow continued protein synthesis in 

the presence of such high levels of eIF2  phosphorylation would be increased 

expression of the factor eIF2B. To determine if eIF2B levels increase during 

adenovirus infection, the level of the largest subunit  of eIF2B, which contains 

the catalytic subunit of eIF2B (Gomez et al., 2002), was measured by 

immunoblotting. However, the level of eIF2B  remained constant regardless of 

the presence or absence of the E1B-55K and E4orf6 proteins (Figure 9). 

Therefore, it seems unlikely that a compensatory increase in eIF2B levels 

allowed for sustained levels of protein synthesis in cells containing high levels of 

phospho-eIF2 .  

Phosphorylation of eIF2  occurs in a multi-phasic manner throughout 

adenovirus infection and is limited at late times of infection by the E1B-55K 

and E4orf6 proteins.  

 To understand when the E1B-55K and E4orf6 proteins affect eIF2  

phosphorylation, phospho-eIF2  levels were measured throughout the course of  
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Figure 8. The E1B-55K and E4orf6 proteins are required to maintain a low 

level of eIF2  phosphorylation at late times of infection.  (A) HeLa cells were 

infected at an MOI of 10 pfu/cell with wild-type dl309, E1B-55K-mutant viruses 

dl1520 and dl338, or the E4orf6-mutant virus dl355*. At 24, 30, and 36 hpi, whole 

cell lysates were collected and analyzed by immunoblotting for levels of 

phospho-eIF2  (S51; serine 51), total eIF2 , and -actin. (B) The relative 

phosphorylation of eIF2  was calculated from the immunoblots in part (A) by 

normalizing the level of phospho-eIF2  to the total level of eIF2 . The quantity of 

relative phospho-eIF2  in mock-infected cells was set to a value of 1. An 

immunoblot for -actin is shown as a loading control.   
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Figure 9. The level of eIF2B is equivalent in non-infected and adenovirus-

infected cells.  Whole cell lysates from mock-infected or HeLa cells infected for 

36 hours with dl309, dl1520, dl338, and dl355* were evaluated with an antibody 

to the epsilon subunit of the translation factor eIF2B. An immunoblot for -actin is 

shown as a loading control.   
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either the wild-type or mutant virus infections. HeLa cells were infected with the 

wild-type, E1B-55K-mutant, or E4orf6-mutant viruses and the total amount of 

eIF2  and level of phosphorylation on Ser51 were analyzed by immunoblotting 

(Figure 10A). During the early phase of infection, phosphorylation of eIF2  was 

similar in both wild-type and mutant virus infections. The level of eIF2  

phosphorylation increased to approximately three-fold above the level found in 

mock-infected cells as early as 90 minutes post-infection. It then rapidly 

decreased to a level near that measured in non-infected cells by 6 h post-

infection. At this time, eIF2  phosphorylation increased again and continued to 

increase until 12-18 h post-infection.  

 Contrary to the early phase of infection, the pattern of eIF2  

phosphorylation in wild-type and mutant virus-infected cells began to differ at the 

onset of the late phase of infection. In cells infected with the wild-type virus, 

eIF2  phosphorylation began to drop at 18 h post-infection and continued 

dropping to levels that were nearly undetectable by 30-36 h. In contrast, levels of 

phospho-eIF2  increased steadily in cells infected with the E1B-55K or E4orf6-

mutant virus, reaching a level three- to five-fold over that of mock-infected cells 

and more than 10-fold over that of wild-type virus-infected cells (Figure 10B). 

These results indicate that the E1B-55K and E4orf6 proteins are required to limit 

phosphorylation of eIF2  during the late phase of infection. Phosphorylation of 

eIF2  showed a multi-phasic nature in multiple experiments. Although much of 

the molecular basis for this pattern remains unclear, results presented in the next 

section suggest that viral DNA replication contributes to a portion of it.  
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Figure 10. Phosphorylation of eIF2  occurs in a multi-phasic manner 

throughout adenovirus infection and is limited at late times of infection by 

the E1B-55K and E4orf6 proteins.  (A) Whole cell lysates were collected at 

various times post-infection from HeLa cells infected at an MOI of 10 pfu/cell with 

dl309, dl1520, or dl355*. Protein from an equal number of cells (6x104 cells) was 

analyzed by immunoblotting for phospho-eIF2  (S51; serine 51), total eIF2 , or 

-actin as a loading control. (B)  The level of phosphorylated and total eIF2  

was measured by densitometry and the relative phosphorylation of eIF2  (P-

eIF2 ; phospho-eIF2 ) was calculated by normalizing the level of 

phosphorylated eIF2  to the level of total eIF2 . The graph shows the level of 

relative phospho-eIF2  as a function of time post-infection (hours). The level of 

phospho-eIF2  measured in mock-infected cells was set to a value of 1. 
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Viral DNA replication appears to induce the intermediate phase of eIF2  

phosphorylation between 6-24 hours post-infection.  

 The multi-phasic pattern of eIF2  phosphorylation was consistently 

observed in adenovirus-infected cells. The phase of eIF2  phosphorylation 

between approximately 6-24 h post-infection, in particular, has been observed 

during infection with each virus studied regardless of the mutations it may contain 

within its viral genome. Notably, all of these viruses are replication-competent 

and therefore undergo the process of viral DNA replication. Using a highly 

sensitive real-time PCR (RT-PCR) assay to quantify viral DNA genomes, our 

laboratory determined that virus DNA replication begins in HeLa cells at 

approximately 6 h post-infection and peaks at 12 h post-infection (Nichols et al., 

2009). The observation that all replication-competent viruses exhibit a steep 

increase in eIF2  phosphorylation that seems to coincide with the onset of viral 

DNA replication led to the hypothesis that viral DNA replication may contribute to 

the intermediate phase of eIF2  phosphorylation. To test this hypothesis, we 

used the mutant virus H5wt300 pTP ( pTP). This mutant virus lacks the gene 

for the pre-terminal protein (pTP), a necessary protein for adenovirus DNA 

replication, thereby rendering the pTP virus replication-deficient. HeLa cells 

were infected with the pTP virus, or with a group of replication-competent 

viruses that in this particular experiment included dl1520, the E4orf1-mutant virus 

in351, and an E4orf1/E1B-55K-double mutant virus MAT2. Using the same 

method as the experiment presented in Figure 10, whole cell lysates were 

collected over an extended time course of infection, analyzed by immunoblotting 
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Figure 11. Viral DNA replication appears to induce the intermediate phase 

of eIF2  phosphorylation between 6-24 hpi.  HeLa cells were mock-infected or 

infected with the E1B-55K mutant virus dl1520, the E4orf1-mutant virus in351, 

the E4orf1/E1B-55K double-mutant virus MAT2, or the replication-deficient virus 

lacking the pre-terminal protein, H5wt300 pTP. Whole cell lysates were collected 

over a time course of infection and analyzed by immunoblotting for 

phosphorylated and total eIF2 . The levels of phosphorylated and total eIF2  

were measured by densitometry and the relative phosphorylation of eIF2  (P-

eIF2 ; phospho-eIF2 ) was calculated by normalizing the level of 

phosphorylated eIF2  to the level of total eIF2 . The graph shows the level of 

relative phospho-eIF2  as a function of time post-infection between 6-24 hpi. The 

level of phospho-eIF2  measured in mock-infected cells was set to a value of 1. 

Linear regression and F-test analyses were used to determine whether the 

slopes of each line were statistically different from zero. The p-values of each 

analysis are shown in the box for each virus.   



75 

 



76 

 for total and phospho-eIF2 , and levels of phospho-eIF2  quantified by 

densitometry. 

 In cells infected with the replication-competent viruses, phosphorylation of 

eIF2  between 6-24 h post-infection increased in an approximately linear fashion 

over time. Between the time of infection and 6 h post-infection, the level of 

phospho-eIF2  in cells infected with the pTP virus increased slightly over the 

level measured in mock-infected cells (data not shown). However, 

phosphorylation of eIF2  showed little, if any, subsequent increase during the 

period between 6-24 h post-infection in cells infected with the replication-deficient 

pTP virus (Figure 11).  Statistical analysis using linear regression and the F-

test were applied to the slope of each line to determine if the rate of change 

between 6-24 h post-infection was different from zero. For each of the three 

representative replication-competent viruses shown in Fig. 11, the linear increase 

in phospho-eIF2  was statistically distinct from zero (all p-values <0.009). 

However, the slope representing the level of phospho-eIF2  measured between 

6-24 h following infection with the replication-deficient pTP virus could not be 

statistically distinguished from zero (p-value=0.89). These results are 

representative of at least two experiments using the pTP virus, which never 

showed a linear increase in the level of phospho-eIF2  different from zero. 

Moreover, the level of phospho-PKR never exceeded the levels in mock-infected 

cells during infection with the pTP virus (data not shown). Taken together, these 

results suggest that the act of viral DNA replication, perhaps through its 

byproducts and replication intermediates, elicits an increase in eIF2  
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phosphorylation between 6-24 h post-infection in adenovirus-infected cells. The 

signals that induce phospho-eIF2  in response to viral DNA replication and the 

kinase responsible for this increase in phosphorylation, however, remain unclear. 

It can be concluded that the E1B-55K and E4orf6 proteins do not mediate this 

particular phase of eIF2  phosphorylation since phospho-eIF2  levels increase 

between 6-24 h post-infection in cells infected with both the wild-type virus and 

E1B-55K and E4orf6-mutant viruses (Fig. 10B). The work presented in the 

remainder of the Results section will focus on the phase of eIF2  

phosphorylation at late times of infection that is influenced by the presence or 

absence of the E1B-55K and E4orf6 proteins.  

The level of eIF2  phosphorylation during the late phase of infection 

correlates with the efficiency of late viral protein synthesis.  

 To determine how eIF2  phosphorylation correlated with late viral protein 

synthesis, the rate of hexon synthesis (reported previously in Fig. 5B) and levels 

of phospho-eIF2  (Fig. 10B) were compared (Figure 12). A reduction in the level 

of phospho-eIF2  was correlated with increased late viral protein synthesis. First, 

the onset of hexon protein synthesis coincided with the dip in phospho-eIF2  

observed between 6-9 h post-infection that precedes the intermediate phase of 

eIF2  phosphorylation. Second, maximal rates of late viral protein synthesis 

coincided with an abrupt decrease in phospho-eIF2  levels between 24-36 h 

post-infection in wild-type virus-infected cells. Third, the increase in phospho-

eIF2  between 24-36 h post-infection was associated with a decrease in the rate 

of hexon synthesis in cells infected with the E1B-55K and E4orf6-mutant viruses.  
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Figure 12. The level of eIF2  phosphorylation during the late phase of 

infection correlates with the efficiency of late viral protein synthesis.  Total 

and phospho-eIF2  were measured by densitometry from the immunoblots in 

Fig. 10A and the relative phosphorylation of eIF2  (P-eIF2 ; dotted black line) 

was calculated by normalizing the level of phosphorylated eIF2  to the level of 

total eIF2 . The value of relative phospho-eIF2  measured in mock-infected cells 

was set to a value of 1. The rates of hexon synthesis from Fig. 5B (gray bars) are 

compared with the relative phospho-eIF2  level at each corresponding time 

point.   
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This analysis reveals an inverse correlation between eIF2  phosphorylation and 

the rate of late viral protein synthesis and leads us to suggest that the ability of 

the E1B-55K and E4orf6 proteins to prevent high levels of eIF2  phosphorylation 

during the late phase of infection may be necessary for efficient late viral protein 

synthesis. This correlation will be directly tested in HeLa cells expressing a PKR 

inhibitor, the reovirus 3 protein, in experiments presented in upcoming sections.  

The E1B-55K and E4orf6 proteins prevent PKR activation at very late times 

of infection.  

 PKR is frequently the active eIF2  kinase during many virus infections 

(Garcia et al., 2007). The results presented in Figs. 8 and 10 establish that the 

E1B-55K and E4orf6 proteins prevent phosphorylation of eIF2  at late times of 

infection. Therefore, we wanted to determine if the E1B-55K and E4orf6 proteins 

also prevent activation of PKR. Phosphorylation of two residues that are critical 

for PKR kinase activity, threonine 446 (Thr446) and threonine 451 (Thr451) 

(Romano et al., 1998), was measured by immunoblotting. Similar results were 

obtained with antibodies for each phosphorylated residue, and only 

representative results for phospho-Thr446 are shown (Figure 13A). Surprisingly, 

unlike the fluctuating levels of phospho-eIF2 , PKR activation remained at or 

near basal levels throughout the early phase of both wild-type and E1B-55K and 

E4orf6-mutant virus infections. It therefore seems unlikely that PKR is 

responsible for the increase in phospho-eIF2  observed during the early phase 

of infection, including the increase in eIF2  phosphorylation elicited by viral DNA 

replication (Fig. 11), unless the activation of PKR is below the threshold of 
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detection by immunoblotting. 

 Like eIF2  phosphorylation, the pattern of PKR activation differed in wild-

type and mutant virus-infected cells during the late phase of infection. In cells 

infected with the wild-type virus, PKR phosphorylation began to decrease at 12 h 

post-infection to levels even lower than that observed in mock-infected cells 

(Figure 13B). This reduction may be a result of increased VAI RNA expression 

that occurs at the onset of the late phase of infection (Soderlund et al., 1976). 

Although we were unable to detect PKR phosphorylation during the late phase of 

wild-type adenovirus infection, we consistently observed the appearance of an 

unidentified immunoreactive species of approximately 58-60 kDa between 24-36 

h post-infection (see top panel of Fig. 13A) using antibodies to phospho-Thr446, 

but not total PKR. Although PKR can be cleaved during caspase-dependent 

apoptosis (Saelens et al., 2001), the apoptotic fragments are smaller than those 

observed here, and we detect no caspase activation during wild-type adenovirus 

infection (unpublished data). Moreover, this species remains detectable in HeLa 

cells in which PKR is greater than 98% silenced (cells described in Zhang and 

Samuel, 2007) (data not shown). This suggests that the immunoreactive species 

is unlikely to be a proteolytic fragment of PKR, and the origin of this species 

remains unknown.  

 Conversely, in cells infected with the E1B-55K or E4orf6-mutant virus, 

PKR activation remained low until rising drastically between 24 and 30 h post-

infection with increased phosphorylation observed at 36 h post-infection. The 

elevation in active PKR mirrored the increase in phospho-eIF2  measured in  
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Figure 13. The E1B-55K and E4orf6 proteins prevent PKR activation at very 

late times of infection.  (A) Whole cell lysates were collected at various times 

post-infection from HeLa cells infected at an MOI of 10 pfu/cell with dl309, 

dl1520, or dl355*. Protein from an equal number of cells (6x104 cells) was 

analyzed by immunoblotting for phospho-PKR (T446; threonine 446), total PKR, 

or -actin as a loading control. An unidentified lower-molecular weight species is 

observed at very late times during wild-type, but not mutant, virus infections and 

can be seen in the phospho-PKR panel (denoted with an *). Similar results (not 

shown) are seen with an antibody specific to phosphorylated threonine 451. (B) 

The level of phosphorylated and total PKR was measured by densitometry and 

the relative phosphorylation of PKR (P-PKR; phospho-PKR) was calculated by 

normalizing the level of phosphorylated PKR (Thr446) to the level of total PKR. 

The graph shows the level of relative phospho-PKR as a function of time post-

infection (hours). The level of phospho-PKR measured in mock-infected cells 

was set to a value of 1. 
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mutant virus-infected cells at 30 and 36 h post-infection (Figs. 10 and 12). Taken 

together, these results are consistent with the idea that PKR may be responsible 

for the high level and continued increase of eIF2  phosphorylation observed at 

very late times after infection with E1B-55K and E4orf6-mutant viruses. These 

data also indicate that the E1B-55K and E4orf6 proteins are required to prevent 

PKR activation and subsequent eIF2  phosphorylation at very late times of 

infection. In addition, these data suggest that an additional activity or kinase 

other than PKR must contribute to the phosphorylation of eIF2  at early times 

since PKR did not appear to be activated until very late times of infection.  

 To confirm the identify of the proteins detected by the antibodies used 

here and to compare the activation observed during adenovirus infection to 

another stimulus, infected cell lysates were analyzed in parallel with lysates 

obtained from cells exposed to polyinosine-polycytidylic acid or poly(I:C), a 

synthetic dsRNA analog and known inducer of PKR activation and eIF2  

phosphorylation. Exposure to poly(I:C) caused an increase in PKR activation 

over time, reaching levels approximately two-fold higher than the level observed 

in mock-treated HeLa cells by 24 h post-treatment (Figure 14). Strikingly, the 

level of PKR activation achieved with poly(I:C) treatment never reached the level 

observed in cells infected with the E1B-55K and E4orf6-mutant viruses 

(approximately 5-fold and 4-fold over mock, respectively). While the effect was 

not as pronounced as on PKR, phosphorylation of eIF2  also increased over 

time and was almost two-fold over mock-treated cells by 24 h post-treatment. 

Again, the level of eIF2  phosphorylation induced by poly(I:C) treatment was  
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Figure 14. The level of eIF2  phosphorylation and PKR activation in mutant 

virus-infected cells is much higher than the levels induced with the 

synthetic dsRNA analog poly(I:C).  Mock-infected HeLa cells were treated with 

200 ng/mL poly(I:C) and whole cell lysates collected at 6, 12, and 24 h post-

treatment. Protein from an equal number of cells (6 104) was analyzed by 

immunoblotting for phospho-PKR (T446; threonine 446), total PKR, phospho-

eIF2 , total eIF2  or -actin as a loading control. The numbers shown beneath 

each lane represent the relative phosphorylation of eIF2  and PKR as quantified 

by densitometry. The value measured in mock-treated cells was set to a value of 

1.   
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lower than that in cells infected with E1B-55K and E4orf6-mutant viruses. More 

importantly, the proteins identified as activated PKR and phosphorylated eIF2  

during poly(I:C) treatment were identical to those observed in adenovirus-

infected cells. Therefore, we are confident of the identity of the proteins identified 

as phosphorylated eIF2  and phosphorylated PKR from cells infected with E1B-

55K and E4orf6-mutant viruses.  

The E1B-55K and E4orf6 proteins prevent a PKR-mediated increase at late 

times of infection and are not required to reduce eIF2  phosphorylation.  

 The abrupt drop in eIF2  phosphorylation that began at 18 h post-infection 

in wild-type virus-infected cells did not occur in cells infected with the E1B-55K 

and E4orf6-mutant viruses (Fig. 10B). However, closer scrutiny reveals that the 

level of phospho-eIF2  in mutant virus-infected cells between 18-24 h post-

infection decreased slightly, but then rose again at 30 h and 36 h post-infection. 

The analysis of PKR activation (Fig. 13) suggests that PKR is highly activated at 

30 h and 36 h post-infection in the absence of the E1B-55K and E4orf6 proteins. 

Collectively, these results imply that the E1B-55K and E4orf6 proteins prevent a 

PKR-mediated increase in eIF2  phosphorylation at very late times of infection, 

but they are not sufficient to confirm that PKR is responsible. Additionally, these 

results do not definitively address whether the E1B-55K and E4orf6 proteins are 

required to reduce phospho-eIF2  levels in wild-type virus-infected cells at 18 h 

post-infection, or whether these proteins only prevent a PKR-mediated increase 

at late times. To address these questions, we obtained HeLa cells stably 

expressing a short-hairpin RNA (shRNA) directed against PKR (HeLa-PKR-k/d) 



88 

that have greater than 98% knock-down of this protein (described in Zhang and 

Samuel, 2007). In good agreement with this observation, the PKR protein was 

essentially undetectable in whole cell lysates collected from HeLa-PKR-k/d cells 

compared to our laboratory HeLa cells (HeLa-ATCC) by immunoblotting (Figure 

15A).  

 To verify that PKR is the active eIF2  kinase during the late phase of 

infection, HeLa-ATCC and HeLa-PKR-k/d cells were either mock-infected or 

infected with wild-type or E1B-55K-mutant virus. Whole cell lysates were 

collected at 24, 30, and 36 h post-infection and analyzed by immunoblotting for 

the levels of total and phospho-eIF2  or total and phospho-PKR. As expected, no 

total or phospho-PKR was observed in mock-infected or virus-infected HeLa-

PKR-k/d cells (data not shown). In both HeLa-ATCC and HeLa-PKR-k/d cells 

infected with the wild-type virus, we observed a decrease over time in phospho-

eIF2  levels (Figure 15B). In HeLa-ATCC cells infected with the E1B-55K-

mutant virus, we observed an increase over time in phospho-eIF2  levels. These 

observations are in good accord with previous results (Fig. 8 and Fig. 10). On the 

other hand, the level of eIF2  phosphorylation decreased over time in HeLa-

PKR-k/d cells infected with the mutant virus in a pattern similar to that in wild-

type virus-infected cells (Fig. 15B). By 36 h post-infection, the difference in the 

level of phospho-eIF2  in HeLa-ATCC cells and HeLa-PKR-k/d cells infected 

with the E1B-55K-mutant virus was statistically significant (p-value <0.004). We 

observed similar results in cells infected with an E4orf6-mutant virus (data not 

shown). These results appear to confirm that PKR mediates the increase in  
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Figure 15. The E1B-55K and E4orf6 proteins prevent a PKR-mediated 

increase at late times of infection and are not required to reduce eIF2  

phosphorylation.  (A) Whole cell lysates were collected from non-infected 

HeLa-ATCC cells or HeLa-PKR-k/d cells. A titration of protein from increasing 

numbers of cells per lane was analyzed by SDS-PAGE and immunoblotting for 

total PKR. An immunoblot of -actin levels is shown as a loading control. (B) 

HeLa-ATCC or HeLa-PKR-k/d cells were mock-infected or infected at an MOI of 

10 pfu/cell with either wild-type virus, dl309, or E1B-55K-mutant virus, dl1520. 

Whole cell lysates were collected at 24, 30, and 36 hpi and analyzed by 

immunoblotting for phospho-eIF2  and total eIF2 . The level of phosphorylated 

and total eIF2  was measured by densitometry and the relative phosphorylation 

of eIF2  (P-eIF2 ; phospho-eIF2 ) was calculated by normalizing the level of 

phosphorylated eIF2  to the level of total eIF2 . The graph shows the level of 

relative phospho-eIF2  as a function of time post-infection (hours). The level of 

phospho-eIF2  measured in mock-infected HeLa-ATCC cells was set to a value 

of 1. By 36 hpi, dl1520-infected HeLa-ATCC cells show a significant difference 

compared to HeLa-PKR-k/d cells infected with either virus or ATCC cells infected 

with dl309 (p-values <0.004). Error bars show standard error of the means 

(SEM). (C) Line graph depicting the relative phospho-eIF2  levels as a function 

of time post-infection. All values were normalized to the value of phospho-eIF2  

at 24 hpi in each respective cell line.   
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eIF2  phosphorylation at very late times of infection in the absence of the E1B-

55K and E4orf6 proteins.  

 Whether the E1B-55K and E4orf6 proteins reduce eIF2  phosphorylation 

or if these proteins only prevent a PKR-mediated increase at late times of 

infection was also deduced from these results. If these proteins are required to 

reduce phospho-eIF2  levels, then a level at least equal to but not below that 

measured at 24 h post-infection would be expected in mutant virus-infected 

HeLa-PKR-k/d cells. This pattern would suggest that a function of the E1B-55K 

and E4orf6 proteins, in addition to preventing PKR activation, is needed to 

reduce eIF2  phosphorylation. Conversely, if the E1B-55K and E4orf6 proteins 

are not required to reduce eIF2  phosphorylation, then the level of phospho-

eIF2  will decrease to wild-type levels in HeLa-PKR-k/d cells infected with the 

mutant viruses. The results indicate that the latter outcome appears to be the 

case (Figure 15C). In the absence of PKR, the pattern of phospho-eIF2  in E1B-

55K-mutant virus-infected cells was the same as that observed in wild-type virus-

infected cells. Similar results were obtained during infection with the E4orf6-

mutant virus (data not shown). Therefore, these results indicate that the E1B-55K 

and E4orf6 proteins are not involved in the active reduction of eIF2  

phosphorylation during the late phase of infection, but rather prevent a PKR-

mediated increase at late times.  
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The reovirus 3 protein prevents PKR activation and eIF2  

phosphorylation during E1B-55K and E4orf6-mutant virus infections at very 

late times.  

 The E1B-55K and E4orf6 proteins prevent eIF2  phosphorylation (Fig. 10) 

and prevent PKR activation at very late times of infection (Fig. 13); these 

functions were correlated with efficient late viral protein synthesis (Fig. 12). To 

determine if the phosphorylation of PKR and eIF2  were responsible for the 

differential rates of late viral protein synthesis, we analyzed HeLa cells stably 

expressing the reovirus 3 protein ( 3-HeLa). The reovirus 3 protein 

sequesters dsRNA to prevent PKR activation and kinase activity (Schmechel et 

al., 1997; Yue and Shatkin, 1997) (Figure 16). We hypothesized that blocking 

the activation of PKR observed at very late times of infection would prevent the 

increase in eIF2  phosphorylation in cells infected with E1B-55K and E4orf6-

mutant viruses. If the phosphorylation of these proteins suppressed late viral 

protein synthesis in the mutant virus-infected cells, we would anticipate that 

preventing PKR activation and eIF2  phosphorylation should restore levels of 

protein synthesis to wild-type levels during the very late phase of infection. The 

3-HeLa cells or their parental cell line (CTRL-HeLa) were mock-infected or 

infected with wild-type virus, E1B-55K-mutant virus, or E4orf6-mutant virus. After 

36 h, the levels of eIF2  phosphorylation and PKR phosphorylation were 

evaluated (Figure 17). Expression of the reovirus 3 protein prevented 

phosphorylation of PKR during wild-type and E1B-55K and E4orf6-mutant virus 

infections (Fig. 17A). Curiously, the unidentified immunoreactive species first  
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Figure 16. Mechanism of action of the reovirus 3 protein.  The reovirus 

sigma 3 protein prevents PKR-mediated eIF2  phosphorylation by binding to and 

sequestering dsRNA. This action usurps the classical activator of PKR, therefore 

preventing its kinase activity and ability to phosphorylate eIF2 .   
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Figure 17. The reovirus 3 protein prevents PKR activation and eIF2  

phosphorylation during E1B-55K- and E4orf6-mutant virus infections at 

very late times.  (A) CTRL-HeLa cells and 3-HeLa cells were mock-infected or 

infected at an MOI of 10 pfu/cell with dl309, dl1520, or dl355* and whole cell 

lysates collected at 36 hpi. Protein from an equal number of cells (6 104) was 

analyzed by immunoblot analysis for levels of phospho-PKR (P-PKR; phospho-

PKR, Thr446; threonine 446), total PKR, and -actin. An unidentified lower-

molecular weight species is observed in wild-type, but not mutant, virus-infected 

cells (denoted with an *). Stable expression of the reovirus sigma 3 protein ( 3) 

was verified using the 4F2 antibody. (B) The whole cell lysates used in part (A) 

were analyzed similarly by immunoblotting, but for levels of phospho-eIF2  (S51; 

serine 51), total eIF2 , and -actin. Stable expression of the reovirus sigma 3 

protein ( 3) was verified using the 4F2 antibody.   
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identified by the phospho-Thr446 PKR antibody in Fig. 13A was detected in wild-

type-infected CTRL-HeLa cells and remained detectable when PKR 

phosphorylation was inhibited in 3-HeLa cells. The level of phospho-eIF2  in 

3-HeLa cells infected with the E1B-55K and E4orf6-mutant viruses was nearly 

abolished in comparison to mutant virus-infected CTRL-HeLa cells (Fig. 17B). 

These results show that stable expression of the reovirus 3 protein is sufficient 

to block PKR activation at very late times post-infection and prevent eIF2  

phosphorylation in cells infected with E1B-55K and E4orf6-mutant viruses. These 

findings also support previous results (Fig. 15) that PKR mediates 

phosphorylation of eIF2  at very late times in cells infected with mutant viruses 

lacking the E1B-55K and E4orf6 proteins. 

Stable expression of the reovirus 3 protein corrects the defect in late viral 

protein synthesis, without restoring late viral mRNA levels, in mutant virus-

infected cells.  

 We next evaluated the effects of 3 protein expression on the rate of 

synthesis and total accumulation of the late viral proteins hexon, penton, and 

fiber during E1B-55K and E4orf6-mutant virus infections. The rate of late viral 

protein synthesis was measured by pulse-labeling with radioactive amino acids at 

36 h post-infection and subsequent quantitative phosphorescence imaging 

(Figure 18). The total accumulation of late viral proteins was measured by 

immunoblotting with an antibody specific to the adenovirus 5 virion (Woo and 

Berk, 2007) and quantified by densitometry (Figure 19). Consistent with 

published reports (Halbert et al., 1985; Pilder et al., 1986; Weinberg and Ketner, 
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1986) and previous results (Fig. 5), the rate of synthesis and total accumulation 

of late viral proteins were significantly reduced in CTRL-HeLa cells infected with 

either the E1B-55K-mutant or the E4orf6-mutant viruses in comparison to wild-

type virus-infected CTRL-HeLa cells. Strikingly, the defects in both the rate of 

late viral protein synthesis (Figs. 18A and 18B) and accumulation of late viral 

proteins (Fig. 19A and 19B) were largely corrected in 3-HeLa cells infected with 

the E1B-55K and E4orf6-mutant viruses. These results suggest that inhibiting 

PKR activation and phosphorylation of eIF2  is sufficient to restore late viral 

protein synthesis to wild-type levels at very late times in the absence of the E1B-

55K and E4orf6 proteins.  

 The E1B-55K and E4orf6 proteins promote the preferential export of late 

viral mRNA (Babiss et al., 1985; Pilder et al., 1986; Bridge and Ketner, 1990) and 

this is believed to be one mechanism by which the E1B-55K and E4orf6 proteins 

promote efficient late viral gene expression (Beltz and Flint, 1979; Babiss et al., 

1985). To determine if the reovirus 3 protein corrected the defect in late viral 

protein synthesis by restoring late viral RNA export to wild-type levels, we 

measured the levels of hexon mRNA using reverse transcription followed by real-

time PCR (RT-PCR). Cytoplasmic levels of hexon mRNA were measured at 36 h 

post-infection in CTRL-HeLa and 3-HeLa cells that had been mock-infected or 

infected with wild-type, E1B-55K-mutant, or E4orf6-mutant viruses. As expected 

(Babiss et al., 1985; Pilder et al., 1986; Bridge and Ketner, 1990), CTRL-HeLa 

cells infected with viruses lacking the E1B-55K or E4orf6 proteins contained 

approximately two-fold less hexon mRNA compared to wild-type virus- 
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Figure 18. Stable expression of the reovirus 3 protein restores the rate of 

late viral protein synthesis in mutant virus-infected cells.  (A) CTRL-HeLa 

and 3-HeLa cells were either mock-infected or infected at an MOI of 10 pfu/cell 

with dl309, dl1520, or dl355*. At 36 hpi, cells were pulse-labeled for one hour 

with radioactive amino acids. Protein from 1 104 cells was loaded per lane and 

separated by SDS-PAGE, and then visualized by phosphorescence imaging. The 

image shown is representative of at least three experiments. The positions of the 

viral late proteins hexon (Hx), penton base (Pt) and fiber (Fb) are indicated to the 

left of the image. (B) The radioactivity present in the bands corresponding to 

hexon, penton, and fiber were quantified by phosphorimaging from three 

independent experiments and represents the rate of synthesis of each protein. 

Rates of synthesis during infection with wild-type virus were set to 100% for each 

cell line. Error bars indicate the SEM. A two-tailed t-test corrected for multiple 

comparisons indicates that the rates of synthesis during wild-type and mutant 

virus infections were significantly different in CTRL-HeLa cells (all p-values 

<0.03), but were indistinguishable in 3-HeLa cells (all p-values > 0.6).   
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Figure 19. Stable expression of the reovirus 3 protein restores the total 

accumulation of late viral proteins in mutant virus-infected cells.  (A)  Whole 

cell lysates were collected at 36 hpi from CTRL-HeLa and 3-HeLa cells that 

were mock-infected or infected at an MOI of 10 pfu/cell with dl309, dl1520, or 

dl355*. Lysates were analyzed by immunoblotting for steady state accumulation 

of the viral late proteins hexon, penton, and fiber by using antisera specific to the 

Ad5 virion. The level of -actin protein is shown as a loading control. The 

immunoblot shown is representative of multiple experiments. (B) The total levels 

of hexon, penton, and fiber from the immunoblot shown in part (A) were 

quantified by densitometry. The level of each protein in CTRL-HeLa or 3-HeLa 

cells during the wild-type infection was set to 100%.   



102 

 



103 

Figure 20. The reovirus 3 protein corrects the defect in late viral protein 

synthesis without restoring late viral mRNA levels.  CTRL-HeLa and 3-

HeLa cells were infected at an MOI of 10 pfu/cell with dl309, dl1520, or dl355* 

and cytoplasmic RNA isolated at 36 hpi. Approximately 25 ng of purified RNA 

was reverse-transcribed to cDNA or incubated in the absence of reverse 

transcriptase, and subsequently analyzed by quantitative PCR to measure the 

level of hexon mRNA. Cycle thresholds were compared to a standard curve 

generated using a titration of cytoplasmic RNA from wild-type virus-infected 

CTRL-HeLa cells that also underwent reverse transcription and quantitative PCR 

analysis. The value measured in CTRL-HeLa cells infected with wild-type virus 

was set to 100 percent. The data shown is representative of multiple experiments 

and error bars represent the SD between experiments. A two-tailed t-test 

adjusted for multiple comparisons indicates there is significant variation between 

wild-type and mutant virus-infected cells (P <0.005) and no difference among 

viruses between cell lines (P >0.16). Results obtained in the absence of reverse 

transcriptase are not shown since the level of detection was negligible and 

generally more than 100-fold lower than the signal generated in its presence.   
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infected cells (Figure 20). We observed nearly identical and statistically 

indistinguishable results in 3-HeLa cells infected with wild-type or E1B-55K and 

E4orf6-mutant viruses (Fig. 20). Therefore, the ability of the reovirus 3 protein to 

restore late viral protein synthesis in the absence of the E1B-55K and E4orf6 

proteins cannot be explained by a restoration in late viral mRNA export. Taken 

together, these results suggest that the E1B-55K and E4orf6 proteins prevent 

PKR activation and eIF2  phosphorylation during the late phase of infection to 

promote efficient late viral translation.  

The steady state level of cytoplasmic VA RNA is similar in wild-type and 

mutant virus-infected cells during the late phase of infection.  

 The results reported in Fig. 18 and Fig. 19 show that preventing eIF2  

phosphorylation and PKR activation can significantly compensate for the 

absence of the E1B-55K and E4orf6 proteins at very late times of infection. 

Adenovirus expresses at least one gene product, VAI RNA, that prevents PKR 

activation and blocks the phosphorylation of eIF2  (Schneider et al., 1985; 

Kitajewski et al., 1986; Akusjarvi et al., 1987). Although studies by Babiss and 

Ginsberg (Babiss and Ginsberg, 1984) found that VAI RNA levels were 

equivalent in wild-type and E1B-55K-mutant virus-infected cells between 2-14 h 

post-infection, it remained possible that the E1B-55K and E4orf6 proteins 

maintained high levels of VAI RNA at very late times of infection.  

 Reverse transcription followed by RT-PCR was used to quantify the level 

of VAI RNA and VAII RNA in the cytoplasm of infected cells at 32 and 36 h post-

infection. Representative results of an analysis performed with RNA collected at  
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Figure 21. The steady state level of cytoplasmic VA RNA is similar in wild-

type and mutant virus-infected cells during the late phase of infection.  

HeLa cells were mock-infected or infected at an MOI of 10 pfu/cell with dl309 or 

dl1520. At 32 hpi, cytoplasmic RNA was isolated and 25 ng purified RNA 

reverse-transcribed to cDNA or incubated in the absence of reverse transcriptase 

(No RT; no reverse-transcriptase). The cDNA was subsequently analyzed by 

quantitative PCR to measure the level of VAI and VAII RNA. Cycle thresholds 

were compared to a standard curve of viral genomic DNA equivalents and data is 

presented as adenovirus genome equivalents per reaction. Data shown is 

representative of results from multiple experiments, multiple times post-infection, 

and multiple primer sets.   
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32 h post-infection are shown (Figure 21), and equivalent results were observed 

at 36 h post-infection. No signal was detected in mock-infected cells. Because 

the PCR primers would amplify both genomic DNA as well as cDNA, the level of 

target measured in samples that lack reverse transcriptase (no RT) show that no 

more than 0.025%-0.1% of total viral DNA present in the infected HeLa cell was 

recovered in the cytoplasmic fraction. At 32 h post-infection, VAI RNA levels 

were nearly equivalent in wild-type virus-infected and mutant virus-infected HeLa 

cells (Fig. 21). As expected, the levels of VAII RNA were approximately 10-fold 

less than the levels of VAI RNA in all infected cells (Soderlund et al., 1976). We 

also found no significant difference in VAII RNA levels in wild-type virus-infected 

cells compared to mutant virus-infected cells (Fig. 21). These results corroborate 

and extend those previously reported (Babiss and Ginsberg, 1984) and suggest 

that the E1B-55K and E4orf6 proteins do not influence the cytoplasmic 

accumulation of VAI RNA and VAII RNA as part of the mechanism by which they 

prevent PKR activation and eIF2  phosphorylation during the late phase of 

adenovirus infection in HeLa cells.   

A cullin 5-mediated activity of the E1B-55K/E4orf6 complex is required to 

prevent eIF2  phosphorylation and PKR activation during the late phase of 

infection.  

 Results presented thus far indicate that both E1B-55K and E4orf6-mutant 

viruses share a similar phenotype with respect to late viral protein synthesis (Fig. 

5), eIF2  phosphorylation (Figs. 8 and 10), PKR activation (Fig. 13), and the 

ability of the reovirus 3 protein to correct the defect in late viral protein synthesis 
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(Fig. 18 and 19). Because of these similarities, it seems likely that eIF2  

phosphorylation and PKR activation are regulated by the E3 ubiquitin-ligase 

complex that includes these two viral proteins (Fig. 2). A critical component of 

this E3 ubiquitin-ligase is Cul5 (Querido et al., 2001). Woo and Berk created and 

characterized a dominant-negative Cul5 protein (Woo and Berk, 2007) by 

deleting the carboxy-terminal domain responsible for interaction with Rbx1, a 

protein that recruits ubiquitin-conjugating machinery (Kamura et al., 1999). The 

remaining amino-terminal portion of Cul5 retains its ability to bind elongins B and 

C and the E1B-55K and E4orf6 proteins, but the complex cannot ubiquitinate 

targets due to the absence of Rbx1. This tool is especially valuable because it 

allows specific inhibition of Cul5-mediated degradation by the E1B-55K/E4orf6 

complex. Expression of the dominant-negative amino-terminal domain of Cul5 

prior to wild-type adenovirus infection was shown to reduce late viral protein 

synthesis directed by the wild-type virus to levels similar to that measured during 

infection with an E1B-55K-mutant virus (Woo and Berk, 2007). This observation, 

taken together with results described here indicating that eIF2  phosphorylation 

is inversely proportional to late viral protein synthesis, prompted us to investigate 

whether the inhibition of PKR activation and eIF2  phosphorylation also requires 

the specific ubiquitin-ligase activity of the E1B-55K/E4orf6 complex.  

 To address this query, HeLa cells were infected with Ad5 vectors lacking 

an insert ( 5-vector), expressing the full-length Cul5 ( 5-full), or expressing the 

dominant-negative Cul5 amino-terminal domain ( 5-NTD) that were described 

previously (Woo and Berk, 2007). After 16 h, the cells were infected again 
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(super-infected) with wild-type virus or E1B-55K-mutant virus for 30 h and 

phosphorylation of eIF2  and PKR was evaluated by immunoblotting (Figure 

22A). Expression of the 5-vector and 5-full Cul5 constructs had virtually no 

effect on the expected level of phospho-eIF2  or phospho-PKR (compare lanes 1 

to 2 and 3; lane 5 to 6 and 7; lane 9 to 10 and 11 in Fig. 22A; see also Figure 

22B). For both empty-vector and full-length Cul5 controls, the level of phospho-

eIF2  and phospho-PKR were low in mock-infected and wild-type virus-infected 

cells but several-fold higher in cells infected with the E1B-55K-mutant virus. 

Furthermore, expression of the 5-NTD dominant-negative Cul5 construct had 

no significant effect on phospho-eIF2  and phospho-PKR levels in mock-infected 

and E1B-55K-mutant virus-infected cells (see lanes 4 and 12 of Fig. 22A and Fig. 

22B).  

 By contrast, expression of the 5-NTD Cul5 construct had a profound 

effect on the status of eIF2  and PKR in wild-type virus-infected cells. Strikingly, 

cells that were pre-infected with the 5-NTD construct and then super-infected 

with the wild-type virus strongly resembled the mutant virus-infected cells with 

respect to eIF2  phosphorylation and PKR activation (compare lane 8 to lanes 9-

12 in Fig. 22A). When the adenoviral E3 ubiquitin-ligase complex was inactivated 

in wild-type adenovirus-infected cells, the levels of phospho-eIF2  and phospho-

PKR were several-fold higher than the levels in cells with an intact adenoviral E3 

ubiquitin-ligase complex. Furthermore, pre-infection with the dominant-negative 

Cul5 construct led to levels of phospho-eIF2  in wild-type virus-infected cells that 

were statistically indistinguishable from that measured in E1B-55K-mutant  
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Figure 22. A Cul5-mediated activity of the E1B-55K/E4orf6 complex is 

required to prevent eIF2  phosphorylation and PKR activation during the 

late phase of infection.  (A) HeLa cells were mock pre-infected or pre-infected 

at an MOI of 50 pfu/cell with either 5 (vector), 5-FL (full-length Cul5), or 5-

NTD (N-terminal domain Cul5) cullin 5 viral construct for 16 h. Cells were then 

either mock super-infected or super-infected at an MOI of 40 pfu/cell with dl309 

or dl1520 viruses. At 30 hpi, whole cell lysates were collected and analyzed by 

immunoblotting for phospho-eIF2 , total eIF2 , phospho-PKR (Thr446), total 

PKR, Mre11, or -actin. Results shown in the figure are representative of multiple 

experiments. (B) The level of relative phospho-eIF2  (P-eIF2 ; S51, serine 51) 

was calculated as described in Fig. 8. A two-tailed t-test with corrections for 

multiple comparisons indicates that dl309-NTD is significantly different from 

dl309-none (P = 0.0029), dl309-Vector (P = 0.0064), and dl309-Full (P = 0.0029). 

All treatments in dl1520-infected cells are statistically indistinguishable (P > 0.5), 

as are the values comparing dl309-NTD and all treatments in dl1520-infected 

cells (P > 0.99). Data represent combined results from three independent 

experiments. Error bars show the SEM.   
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virus-infected cells (Fig. 22B). Verification of the complete and specific inhibition 

of the E1B-55K/E4orf6 complex in wild-type virus-infected cells was shown by 

the failure to degrade the cellular Mre11 protein, a known target of the 

adenovirus E3 ubiquitin-ligase complex (Stracker et al., 2002) (Fig. 22A). These 

data clearly indicate that when a major component of the ubiquitin-ligase 

complex is inactivated or absent, as in wild-type virus-infected cells co-infected 

with the 5-NTD vector or in cells infected with E1B-55K and E4orf6-mutant 

viruses, PKR is active and eIF2  is highly phosphorylated at late times following 

infection. Taken together, these results suggest that a Cul5-mediated activity, 

most likely formation of a functional adenoviral E3 ubiquitin-ligase complex, is 

required for low levels of eIF2  phosphorylation and PKR activation during the 

late phase of adenovirus infection.  

The total level of PACT is similar in wild-type and mutant virus-infected 

cells.  

 One of the main functions of the E1B-55K/E4orf6 viral ubiquitin-ligase 

complex is to selectively target cellular proteins for degradation that have 

potential to impede the virus life cycle (Stracker et al., 2002; Weitzman and 

Ornelles, 2005; Blackford and Grand, 2009). Results clearly indicate that a Cul5-

mediated activity of the E1B-55K/E4orf6 viral ubiquitin-ligase complex is required 

to prevent PKR activation and subsequent eIF2  phosphorylation during the late 

phase of infection (Fig. 22). Furthermore, it seems likely that dsRNA is present in 

mutant virus-infected cells and leads to PKR activation, since the 3 dsRNA-

binding protein prevented activation in these cells (Fig. 17). This connection led 
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us to speculate that the E1B-55K/E4orf6 complex targets a cellular protein that 

either activates PKR or augments the activation process in response to dsRNA, 

thus preventing PKR activation in wild-type virus-infected cells. The most well-

studied cellular activator of PKR is the PACT protein. PACT, or PKR-activating 

protein, is a 35 kDa modular protein that interacts with the dsRBDs of PKR and 

facilitates its activation independent of dsRNA (Patel and Sen, 1998; Peters et 

al., 2002; Li et al., 2006). However, PACT also binds dsRNA and it was 

suggested that this interaction allows PACT to recruit dsRNA to PKR in virus-

infected cells to amplify PKR activation (Patel and Sen, 1998). Serine 

phosphorylation enhances the affinity between PACT and the dsRBDs and is 

required for both binding and activation of PKR (Peters et al., 2006; Peters et al., 

2009). Additionally, reports suggest that PACT responds to cellular stress in 

order to mediate PKR-dependent apoptosis (Peters et al., 2006; Marques et al., 

2008). Overall, the PACT protein provides an additional layer of cellular 

regulation of PKR.  

 The cellular functions of PACT pose an added challenge to viruses that 

must prevent or evade the effects of active PKR. It is becoming clear that viruses 

have mechanisms to blunt effects mediated by the PACT protein. For instance, 

the influenza NS1 protein and the herpes simplex virus US11 protein have been 

shown to prevent PACT-mediated PKR activation (Peters et al., 2002; Li et al., 

2006). To determine if the adenovirus E1B-55K/E4orf6 viral ubiquitin-ligase 

complex promotes PACT degradation during the late phase of infection, whole 

cell lysates collected at 24, 30, and 36 h post-infection from mock-infected or  
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Figure 23. The total level of PACT is similar in wild-type and mutant virus-

infected HeLa cells.  HeLa cells were mock-infected or infected at an MOI of 10 

pfu/cell with wild-type dl309 or E1B-55K-mutant dl1520 viruses. At 24, 30, and 36 

hpi, whole cell lysates were collected and analyzed by western blot for levels of 

total PACT protein and -actin. Results are representative of multiple 

experiments.   
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wild-type and mutant virus-infected HeLa cells were evaluated by immunoblotting 

for the total level of PACT (Figure 23). The total level of the PACT protein was 

similar in wild-type and mutant virus-infected cells during the late phase of 

infection, suggesting that the PACT protein is not targeted for proteasome-

mediated degradation directed by the E1B-55K/E4orf6 complex. However, the 

possibility that the E1B-55K/E4orf6 complex mediates the function of PACT in 

other ways, such as through regulation of its phosphorylation, cannot be 

excluded.  

Inhibition of the proteasome by MG132 diminishes the level of eIF2  

phosphorylation in E1B-55K-mutant virus-infected cells.  

 Expression of a dominant-negative Cul5 protein, and the consequential 

inactivation of the E1B-55K/E4orf6 viral ubiquitin-ligase complex, resulted in high 

levels of PKR activation and eIF2  phosphorylation in cells infected with the wild-

type virus (Fig. 22). These levels were consistent with those observed in cells 

infected with an E1B-55K-mutant virus. The viral E1B-55K/E4orf6 ubiquitin-ligase 

complex recruits machinery that poly-ubiquitinates proteins and directs their 

degradation by the 26S proteasome (Querido et al., 2001; Harada et al., 2002). 

Treatment with the broad spectrum proteasome inhibitor, MG132, has been used 

by other investigators to mimic inhibition of the E1B-55K/E4orf6 complex 

(Querido et al., 2001; Corbin-Lickfett and Bridge, 2003). This synthetic peptide 

reversibly inhibits the proteasome by inactivating its catalytic subunit, and also 

inhibits cathepsin and calpain proteases (Rock et al., 1994; Lee and Goldberg, 

1996). We sought to replicate the finding that the Cul5-associated ubiquitin-ligase 
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activity of the E1B-55K/E4orf6 complex is required to limit eIF2  phosphorylation 

by treating adenovirus-infected cells with MG132. Mock-infected or virus-infected 

HeLa cells were treated with a concentration of MG132 that was previously 

shown to prevent degradation of proteins targeted by the complex and diminish 

late viral protein synthesis to levels directed by E1B-55K or E4orf6-mutant 

viruses (Corbin-Lickfett and Bridge, 2003). Whole cell lysates were collected at 

30 h post-infection and analyzed by immunoblotting for phospho- and total eIF2 , 

p53, or virion-associated, late viral structural proteins (Figure 24).  

 Inhibition of the E1B-55K/E4orf6 ubiquitin-ligase complex in wild-type 

virus-infected cells was verified by the inability to degrade p53 and a diminished 

level of late viral protein synthesis (Fig. 24). However, treatment with MG132 did 

not recapitulate the results observed with the dominant-negative Cul5 construct 

(Fig. 22) with respect to eIF2  phosphorylation, as illustrated by the failure of 

MG132 treatment to generate a high level of phospho-eIF2  in wild-type virus-

infected cells. Moreover, treatment with MG132 appeared to diminish eIF2  

phosphorylation in mutant virus-infected cells to a level consistent with wild-type 

virus-infected cells. This apparent reversion to the wild-type phenotype was 

specific to eIF2  phosphorylation, since p53 levels were equivalent in mutant 

virus-infected cells treated with MG132 and their non-treated counterparts. Late 

viral proteins were nearly undetectable in mutant virus-infected cells treated with 

MG132, and how or why this drug had such a profound effect on protein 

synthesis in these cells remains unclear. Overall, these results suggest that 

regulation of eIF2  phosphorylation by the E1B-55K and E4orf6 proteins is  
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Figure 24. Inhibition of the proteasome by MG132 does not lead to high 

levels of eIF2  phosphorylation in wild-type virus-infected cells.  HeLa cells 

were mock-infected or infected at an MOI of 10 pfu/cell with wild-type dl309 or 

E1B-55K-mutant dl1520 viruses. At 2 hpi, cells were left untreated or treated with 

DMSO-only or 10μM MG132 diluted in complete culture medium. Whole cell 

lysates were collected at 30 hpi and analyzed by immunoblotting with antibodies 

specific to total and phospho-eIF2 , p53 protein, antisera specific to the 

adenovirus type 5 virion to detect late viral proteins, or -actin as a loading 

control. Results are representative of at least two experiments.   
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specific to a Cul5-mediated function of the E1B-55K/E4orf6 ubiquitin-ligase 

complex. However, it was somewhat striking that inhibition of the proteasome 

largely diminished the high level of eIF2  phosphorylation in E1B-55K-mutant 

virus-infected cells. Based on this finding, these results could also be interpreted 

to suggest that general proteasome-mediated degradation is involved in 

generation of the signal(s) that elicits eIF2  phosphorylation during the late 

phase of infection. Additional experiments are necessary to determine if similar 

effects are observed with respect to PKR activation and, more importantly, how 

proteasome activity may contribute to the increase in eIF2  phosphorylation at 

late times of infection. 

Summary  

 The work presented in this section describes a new function for the E1B-

55K and E4orf6 proteins in preventing a PKR-mediated increase in eIF2  

phosphorylation during the late phase of infection. While the E1B-55K and E4orf6 

proteins had no effect on the total level or phosphorylation of eIF4E (Fig. 6) and 

eIF4G (Fig. 7), they specifically regulated the phosphorylation of eIF2  during the 

late phase of infection (Fig. 8). We describe the novel observation of a multi-

phasic nature of eIF2  phosphorylation throughout the course of adenovirus 

infection (Fig. 10) and have identified viral DNA replication as a signal that 

appears to initiate the intermediate phase of phosphorylation between 6-24 h 

post-infection (Fig. 11). The late phase of eIF2  phosphorylation occurred only in 

the absence of the E1B-55K and E4orf6 proteins and was facilitated by an abrupt 

increase in PKR activation at 30 h and 36 h post-infection (Fig. 13). The E1B-55K 
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and E4orf6 proteins prevented eIF2  phosphorylation by preventing PKR 

activation at late times, rather than actively reducing phospho-eIF2  during the 

late phase of infection (Fig. 15). The level of eIF2  phosphorylation was inversely 

correlated with the rate of late viral protein synthesis (Fig. 12). This observation 

was further illustrated by the fact that the reovirus 3 protein, which inhibits PKR 

activation and its subsequent phosphorylation of eIF2 , restored late viral protein 

synthesis in cells infected with the E1B-55K and E4orf6-mutant viruses (Figs. 17-

19). The correction in late viral protein synthesis occurred without restoration of 

late viral mRNA levels (Fig. 20), indicating that a major contribution of the E1B-

55K and E4orf6 proteins to efficient late viral protein synthesis, in addition to or in 

concert with regulating late viral mRNA export, is the prevention of PKR-

mediated eIF2  phosphorylation during the late phase of infection. Interestingly, 

the level of VAI RNA was unrelated to the level of PKR-mediated eIF2  

phosphorylation in E1B-55K and E4orf6-mutant virus-infected cells (Fig. 21). 

Finally, a Cul5-mediated function of the E1B-55K/E4orf6 complex was required to 

prevent PKR activation and eIF2  phosphorylation during the late phase of 

infection (Fig. 22). In the next section, we will determine if this new mechanism of 

regulation by the E1B-55K and E4orf6 proteins is applicable to the cell cycle-

dependent control of late viral protein synthesis, and will describe an apparent 

relationship between the E4orf1 protein and the PKR-mediated phase of eIF2  

phosphorylation during the late phase of infection.  
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II. The high level of eIF2  phosphorylation and PKR activation in the 

absence of E1B-55K and E4orf6 protein function may contribute to the cell 

cycle restriction of E1B-55Kand E4orf6-mutant viruses and is mediated by 

the E4orf1 protein. 

The rate of late viral protein synthesis is increased in S phase cells infected 

with E1B-55K and E4orf6-mutant viruses compared to G1 phase cells.  

 Previous research in the Ornelles laboratory established that E1B-55K 

and E4orf6-mutant viruses exhibit a restriction on growth and replication in cells 

in G1 but not S phase of the cell cycle (Goodrum and Ornelles, 1997; Goodrum 

and Ornelles, 1999). The E1B-55K and E4orf6 proteins apparently provide 

adenovirus with an ability to overcome this restriction since wild-type virus-

infected cells show no cell cycle-restriction. During infection with the mutant 

viruses, the levels of early viral protein synthesis and viral DNA replication are 

equivalent in G1 and S phase-infected cells. These results suggest the lesion 

resides within the late phase of infection, most likely during the principal late 

phase-specific events of late viral mRNA export or late viral protein synthesis. 

Indeed, the defect in late viral mRNA export normally observed in mutant virus-

infected cells is partially alleviated in S phase-infected cells, but the total 

cytoplasmic level of late viral mRNA is higher in G1 versus S phase-infected 

cells. Counterintuitive to the total levels of cytoplasmic late viral mRNA, the E1B-

55K-mutant and E4orf6-mutant viruses synthesize greater levels of late viral 

proteins in HeLa cells infected during S phase than in asynchronous cells. This  
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Figure 25. The rate of late viral protein synthesis is increased in S phase 

cells infected with E1B-55K-mutant viruses in comparison to G1 phase 

cells.  (A) HeLa cells were synchronized to G1 or S phase of the cell cycle and 

then either mock-infected or infected with dl309 or dl1520 virus. At the times 

indicated, cells were pulse-labeled for one hour with radioactive amino acids. 

Protein from 1x104 cells (per lane) were resolved by SDS-PAGE and visualized 

by phosphorescence imaging. The phosphorimage shown is representative of 

multiple experiments. (B) A representative late viral protein, hexon, was 

quantified at the times post-infection indicated from three independent 

phosphorimages using the ImageQuant program. Results are plotted as an S:G1 

ratio. Error bars show the SEM.   
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observation suggests that the restriction of E1B-55K-mutant and E4orf6-mutant 

viruses in G1 phase cells may originate from a reduced ability to synthesize late 

viral proteins.  

 To confirm that mutant viruses direct the synthesis of late viral proteins at 

a lower level in G1 phase-infected cells compared to S phase-infected cells, 

HeLa cells were synchronized to G1 or S phase of the cell cycle and then 

infected with wild-type or E1B-55K-mutant virus. At various times throughout the 

late phase of infection, rates of protein synthesis were determined by 

radiolabeling and subsequent phosphorescence imaging (Figure 25). The rate of 

late viral protein synthesis during infection with an E1B-55K-mutant virus was 

slightly higher in S phase versus G1-infected cells. Similar results were obtained 

in cells infected with an E4orf6-mutant virus (data not shown). While the 

difference is not dramatic, the increase in the rate of late viral protein synthesis S 

phase-infected cells is associated with a significant increase in virus yield 

compared to G1-infected cells (Goodrum and Ornelles, 1999). Cell cycle-

dependent differences in the amount and phosphorylation of eIF4E (Fig. 6) and 

eIF4G (data not shown) were not observed and the molecular mechanism 

underlying the cell cycle-dependent difference in late viral protein synthesis in 

cells infected with E1B-55K and E4orf6-mutant viruses remains largely unclear.  

The level of eIF2  phosphorylation, but not PKR activation, is slightly lower 

in S phase versus G1 cells infected with E1B-55K and E4orf6-mutant 

viruses.  

 Work described here establishes that the E1B-55K and E4orf6 proteins 
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limit PKR-mediated eIF2  phosphorylation during the late phase of infection to 

promote efficient late viral protein synthesis. This discovery prompted us to 

determine whether this mechanism underlies the cell cycle-dependent control of 

late viral protein synthesis in cells infected with E1B-55K and E4orf6-mutant 

viruses. If this specific form of regulation is involved, results would be predicted 

to show higher levels of phospho-eIF2  in G1 cells infected with E1B-55K and 

E4orf6-mutant viruses and lower levels in S phase-infected cells. Furthermore, a 

higher level of PKR activation would be expected to accompany the higher level 

of phospho-eIF2  in G1 phase-infected cells. To test this hypothesis, HeLa cells 

were synchronized to G1 and S phase of the cell cycle and infected with the wild-

type virus or various E1B-55K and E4orf6-mutant viruses. Whole cell lysates 

were collected at 24, 30, and 36 h post-infection and analyzed by immunoblotting 

for total and phospho-eIF2  or total and phospho-PKR. The relative levels of 

phospho-eIF2  and phospho-PKR were determined as described previously by 

immunoblotting.  

 In wild-type virus-infected cells, the level of phospho-eIF2  decreased 

over time with essentially the same pattern in G1 and S phase-infected cells 

(Figure 26). By contrast, yet consistent with previous findings (Fig. 8), eIF2  

phosphorylation increased between 24-36 h post-infection in cells infected with 

three different E1B-55K-mutant viruses and an E4orf6-mutant virus. Furthermore, 

there were distinct and reproducible differences between the levels of phospho-

eIF2  in G1 and S phase cells infected with all mutant viruses. The linear 

increase in eIF2  phosphorylation was roughly 1.5-fold higher in G1 phase-
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infected cells compared to S phase-infected cells (Fig. 26), with some slight 

variations among mutant viruses. These results, while not dramatic, seem to 

correlate well with the moderate differences in the rates of late viral protein 

synthesis (Fig. 25). Given the stoichiometry of its regulation by phosphorylation 

and subsequent binding to eIF2B, it is conceivable how small changes in eIF2  

phosphorylation could yield the cell cycle-dependent differences in late viral 

protein synthesis observed during infection with E1B-55K and E4orf6-mutant 

viruses.  

 Interestingly, the differences in eIF2  phosphorylation between G1 and S 

phase mutant virus-infected cells did not correlate with the levels of activated 

PKR. No measurable PKR activation was detected in either of the synchronized 

populations of wild-type virus-infected cells (Figure 27) in good agreement with 

previous results (Fig. 13). However, whereas levels of phospho-eIF2  were 

slightly lower in S phase compared to G1 phase cells infected with the mutant 

viruses, somewhat higher levels of activated PKR were measured in S phase-

infected cells (Fig. 27). These discordant results in G1 and S phase mutant virus-

infected cells are rather puzzling and the basis for this observation remains 

unresolved. Previous results (Figs. 10 and 13) indicated that both PKR-

dependent and PKR-independent periods of eIF2  phosphorylation appear to 

occur throughout the course of an adenovirus infection. Perhaps the events 

and/or factors that give rise to these phases are differentially regulated based on 

the phase of the cell cycle at the time of infection. Moreover, the seemingly 

discrepant observations that S phase-infected cells contained more highly  
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Figure 26. The level of phospho-eIF2  is slightly lower in S phase versus 

G1 cells infected with E1B-55K-mutant viruses.  Synchronized HeLa cells (G1 

or S phase) were infected with the wild-type virus dl309, E1B-55K-mutant viruses 

dl1520, dl110, and dl338, or the E4orf6-mutant virus dl355*. Whole cell lysates 

were collected at 24, 30, and 36 hpi and an equal number of cells (6 104) 

resolved by SDS-PAGE. Immunoblotting was performed using antibodies to total 

eIF2  and phospho-eIF2  (Ser51) and levels measured by densitometry. 

Relative P-eIF2  levels were calculated as described in Fig. 8 and then plotted 

as a function of time for each virus infection. Linear regression analysis was used 

to generate best-fit lines for each series of data. Open circles=G1 samples, 

Closed circles=S phase samples. Results are representative of multiple 

experiments.   
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Figure 27. The level of activated PKR is slightly higher in S phase cells 

infected with an E1B-55K-mutant virus compared to G1 phase cells.  

Synchronized HeLa cells (G1 or S phase) were infected with the wild-type virus 

dl309 or the E1B-55K-mutant virus dl1520. Whole cell lysates were collected at 

24, 30, and 36 hpi and an equal number of cells (6 104) resolved by SDS-PAGE. 

Protein was analyzed by immunoblotting for phospho-PKR (T446; threonine 446) 

and total PKR. The level of phosphorylated and total PKR was measured by 

densitometry and the relative phosphorylation of PKR (P-PKR; phospho-PKR) 

was calculated by normalizing the level of phosphorylated PKR (Thr446) to the 

level of total PKR. The graph shows the level of relative phospho-PKR as a 

function of time post-infection (hours). The level of phospho-PKR measured in 

dl1520-infected G1 cells at 24 hpi was set to a value of 1. Results are 

representative of at least two experiments.   
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activated PKR but lower levels of phospho-eIF2  may suggest, for example, the 

involvement of certain phosphatase activities in S phase versus G1 phase cells. 

Taken together, these results suggest that the levels of eIF2  phosphorylation, 

but not PKR activation, may contribute to the cell cycle-dependent differences in 

late viral protein synthesis. It seems likely that the mechanism of regulation by 

the E1B-55K and E4orf6 proteins that acts through PKR does not completely 

account for the cell cycle-dependent control of late viral protein synthesis, but it 

appears as though some facet of the regulation of eIF2  phosphorylation by the 

E1B-55K and E4orf6 proteins may perhaps be involved.  

Deletion of E4orf1 from the E1B-55K-mutant virus results in wild-type levels 

of eIF2  phosphorylation and PKR activation at late times of infection.  

 Recent work by Thomas and Ornelles demonstrated that the G1 restriction 

imposed on E1B-55K-mutant viruses is due to the E4orf1 protein (Thomas et al., 

2009). In other words, the G1 restriction is alleviated upon removal of the E4orf1 

gene from the E1B-55K-mutant virus genome. These results prompted additional 

experiments to evaluate the role of the E4orf1 protein during adenovirus infection 

in asynchronous cells. As a result of these studies, the E4orf1 protein was found 

to restrict progeny virus production, cell-killing, and late viral protein synthesis 

during an E1B-55K-mutant virus infection. This work also revealed that the 

E4orf1 protein promoted phosphorylation of p70-S6K and protein kinase B (Akt) 

by both PI3K-dependent and PI3K–independent pathways, thus extending its 

well-established role as a signaling molecule (Frese et al., 2003; Javier, 2008). 

These studies revealed that the molecular pathway involving the E4orf1-
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mediated phosphorylation of p70-S6K and Akt is dependent on Rac-1 signaling. 

Nonetheless, these mechanisms were determined not to be responsible for the 

restriction of late viral protein synthesis imposed by the E4orf1 protein. Rather, 

the concluding speculation was that the E4orf1 protein governs the translational 

efficiency of late viral mRNAs and perhaps contributes “to the development of an 

anti-viral state that must be suppressed by the adenovirus ubiquitin-ligase” 

(Thomas et al., 2009). Collectively, this body of work introduced the notion that 

the E4orf1 protein stimulates events that ultimately require neutralization by the 

E1B-55K/E4orf6 complex. We therefore hypothesized that the E4orf1 protein 

may contribute to or is involved in the PKR-mediated phosphorylation of eIF2  

during the late phase of infection that is limited by the E1B-55K and E4orf6 

proteins (Figs. 10 and 13).  

 Experiments were performed to determine whether the E4orf1 protein 

mediates eIF2  phosphorylation and PKR activation in E1B-55K-mutant virus-

infected cells. Asynchronous HeLa cells were infected with either wild-type virus 

or with various E1B-55K and E4orf1-mutant viruses, including the E1B-55K-

mutant virus dl1520, the E4orf1-mutant virus in351, and the E1B-55K/E4orf1 

double-mutant virus MAT2. Whole cell lysates were collected at 24, 30, and 36 h 

post-infection, analyzed by immunoblotting, and the levels of phospho-eIF2  

(Figure 28) and phospho-PKR (Figure 29) calculated as previously described. 

As observed before (Figs. 8 and 10), phospho-eIF2  levels decreased over time 

in wild-type virus-infected cells and increased over time in E1B-55K-mutant virus-

infected cells. By 30 h and 36 h post-infection, the levels of phospho-eIF2  were  
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Figure 28. Deletion of E4orf1 from the E1B-55K-mutant virus results in wild-

type levels of eIF2  phosphorylation.  HeLa cells were infected at an MOI of 

10 pfu/cell with wild-type virus dl309, E1B-55K-mutant dl1520, E4orf1-mutant 

virus in351, or the E1B-55K/E4orf1 double-mutant virus MAT2. Whole cell 

lysates were collected at 24, 30, and 36 hpi. Protein from an equivalent number 

of cells (6 104) was resolved by SDS-PAGE and analyzed by immunoblotting for 

levels of phospho-eIF2  (S51; serine 51) and total eIF2 . The relative 

phosphorylation of eIF2  (P-eIF2 ) was calculated from three independent 

experiments as described in Fig. 8. The quantity of relative phospho-eIF2  in 

mock-infected cells was set to a value of 1. A two-tailed t-test was used to 

compare all samples to wild-type virus-infected cells at each time point. The only 

samples showing a statistical difference in P-eIF2  levels (denoted with an *) 

were those cells infected with dl1520 at 30 hpi and 36 hpi (P-values= 0.04 and 

0.009, respectively). The P-eIF2  levels present in cells infected with in351 and 

MAT2 were not statistically distinct from wild-type virus-infected cells (all p-

values>0.5). Error bars show SEM.   
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significantly higher in E1B-55K-mutant virus-infected cells compared to wild-type 

virus-infected cells (Fig. 28). In E4orf1-mutant virus-infected cells, phospho-

eIF2  levels decreased in a pattern statistically indistinguishable from the pattern 

in wild-type virus-infected cells. This is consistent with observations from our 

laboratory and others that E4orf1-single mutant viruses do not exhibit a mutant 

phenotype and are generally wild-type in nature. However, of particular interest 

are the results in the cells infected with the E1B-55K/E4orf1-mutant virus. 

Remarkably, deletion of the E4orf1 gene from the E1B-55K-mutant virus created 

an essentially wild-type phenotype with respect to phospho-eIF2  levels (Fig. 

28). The levels of eIF2  phosphorylation decreased over time in E1B-

55K/E4orf1-double mutant virus-infected cells, in contrast to the increase 

observed in cells infected with the E1B-55K-mutant virus, and were not 

statistically distinct from wild-type levels (Fig. 28). Therefore, the E4orf1 protein 

appears to contribute to eIF2  phosphorylation in E1B-55K-mutant virus-infected 

cells at late times of infection.  

 Similar effects on PKR activation were observed in cells infected with the 

E1B-55K/E4orf1-double mutant virus (Fig. 29). Consistent with previous 

observations (Fig. 13), phospho-PKR was undetectable in wild-type virus-

infected cells during the late phase of infection and the levels were often lower 

than those present in non-infected cells. The level of phospho-PKR in cells 

infected with the E1B-55K-mutant virus was comparable to mock-infected cells at 

24 h post-infection, but dramatically increased at 30 h and 36 h post-infection. In 

cells infected with the E4orf1-mutant virus, phospho-PKR levels were equivalent  
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Figure 29. Deletion of E4orf1 from the E1B-55K-mutant virus results in wild-

type levels of PKR activation.  HeLa cells were infected at an MOI of 10 

pfu/cell with wild-type virus dl309, E1B-55K-mutant dl1520, E4orf1-mutant virus 

in351, or the E1B-55K/E4orf1 double-mutant virus MAT2. Whole cell lysates 

were collected at 24, 30, and 36 hpi. Protein from an equivalent number of cells 

(6 104) was resolved by SDS-PAGE and analyzed by immunoblotting for levels 

of phospho-PKR (T446; threonine 446) and total PKR. The level of 

phosphorylated and total PKR from three independent experiments was 

measured by densitometry and the relative phosphorylation of PKR (P-PKR; 

phospho-PKR) was calculated as described in Fig. 13. The graph shows the level 

of relative phospho-PKR as a function of time post-infection (hours). The level of 

phospho-PKR measured in mock-infected cells was set to a value of 1. A two-

tailed t-test was used to compare all samples to mock-infected cells. The only 

samples showing statistical difference in P-eIF2  levels (denoted with an *) were 

those cells infected with dl1520 at 30 hpi and 36hpi and MAT2-infected cells at 

36 hpi (all p-values<0.02). Error bars show SEM.   
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to those measured in wild-type virus-infected cells. As with phospho-eIF2  (Fig 

28), PKR phosphorylation was greatly reduced in cells infected with the E1B-

55K/E4orf1-double mutant virus (Fig. 29). At 24 h and 30 h post-infection, 

phosphorylation of PKR was essentially undetectable. Despite the overall 

reduction, we consistently observed a moderate amount of phospho-PKR at 36 h 

post-infection. This level was significantly greater than the level present in non-

infected cells, but still represented a near 80 percent reduction from the level 

measured in E1B-55K-single mutant virus-infected cells at 36 h post-infection. 

Taken together, these results indicate that the E4orf1 protein contributes to the 

PKR-mediated eIF2  phosphorylation observed in E1B-55K-mutant virus-

infected cells during the late phase of infection. The mechanism underlying the 

E4orf1-mediated induction of PKR activation and subsequent eIF2  

phosphorylation remains unclear.  

 To determine if the action of the E4orf1 protein is confined to the late 

phase of infection, HeLa cells were infected with the E1B-55K-mutant, the 

E4orf1-mutant, or the E1B-55K/E4orf1-double mutant viruses and whole cell 

lysates collected at various times throughout the course of infection. Lysates 

were analyzed by immunoblotting, the levels of phospho-eIF2  at each time 

determined as described previously, and results graphed as a function of time 

post-infection (Figure 30). In cells infected with all viruses, regardless of whether 

they contain the E4orf1 gene, there was an increase in eIF2  phosphorylation 

between approximately 6-24 h post-infection. Therefore, it seems unlikely that 

the E4orf1 protein contributes to this particular period of eIF2  phosphorylation,  
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Figure 30. The E4orf1 protein is involved in PKR-mediated eIF2  

phosphorylation at very late, but not early, times of infection.  HeLa cells 

were infected with the E1B-55K-mutant dl1520, the E4orf1-mutant virus in351, or 

the E1B-55K/E4orf1 double mutant virus MAT2. Whole cell lysates were 

collected at various times post-infection and protein from an equal number of 

cells (6x104 cells) was analyzed by immunoblotting for phospho-eIF2  (S51; 

serine 51) and total eIF2 . The level of phosphorylated and total eIF2  was 

measured by densitometry and the relative phosphorylation of eIF2  (P-eIF2 ) 

was calculated as described in Fig. 8. The graph shows the level of relative 

phospho-eIF2  as a function of time post-infection (hours). The level of phospho-

eIF2  measured in mock-infected cells was set to a value of 1. 
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leaving viral DNA replication as the only identified factor involved in its induction 

(see Fig. 11). Following 24 h post-infection, we again observed that eIF2  

phosphorylation continued to rise in E1B-55K-mutant virus-infected cells, but 

decreased in both E4orf1-mutant and E1B-55K/E4orf1-double mutant virus-

infected cells. Overall, these results indicate that the E4orf1 protein does not 

affect the intermediate phase of eIF2  phosphorylation between 6-24 h post-

infection, but instead appears to function specifically to promote the PKR-

mediated phase of eIF2  phosphorylation at very late times of infection. Previous 

work established that PKR activation and eIF2  phosphorylation are limited by a 

Cul5-mediated activity of the E1B-55K/E4orf6 complex at late times of infection 

(Fig. 22), leading us to infer that the E4orf1 protein is an effector of the upstream 

signaling events that are neutralized by the ubiquitin-ligase activity of the E1B-

55K/E4orf6 complex. Therefore, these conclusions extend the concept 

introduced by Thomas and Ornelles that the E4orf1 protein and the E1B-

55K/E4orf6 complex perform opposing functions during the late phase of 

infection, whereby the E4orf1 protein stimulates processes that are ultimately 

counterbalanced by the E1B-55K/E4orf6 complex. While it seems likely that the 

E4orf1 protein is responsible for signals that lead to PKR-mediated eIF2  

phosphorylation, the mechanisms by which this occurs remain to be elucidated.  

Transient expression of the E4orf1 protein does not induce PKR activation 

or eIF2  phosphorylation outside the context of a virus infection.  

 The E4orf1 protein appears to facilitate activation of PKR and eIF2  

phosphorylation in E1B-55K-mutant virus-infected cells at very late times of 
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infection (Figs. 28 and 29). These results were interpreted to mean that the 

E4orf1 protein either generates or augments a signal that gives rise to PKR 

activation and eIF2  phosphorylation. Therefore, we sought to determine if the 

E4orf1 protein alone is capable of stimulating PKR activation in the absence of 

virus infection, and whether over-expression of the E4orf1 protein in wild-type 

virus-infected cells yields high levels of PKR activation. Perhaps these 

experiments can reveal whether the balance between E4orf1 protein function and 

the E1B-55K/E4orf6 complex is important for regulation of PKR activation and 

eIF2  phosphorylation during a wild-type adenovirus infection.  

 For these experiments, HeLa cells were transfected with a plasmid 

expressing the Ad5 E4orf1 protein bearing a hemagglutinin (HA) tag (HA-5ORF1) 

(described in Weiss et al., 1997), or with various control plasmids including the 

pCMV-Neo-Bam3 vector control (Hinds et al., 1990), a plasmid expressing the 

green fluorescent protein (pGFP), or the pCMV-GLuc plasmid (pGLuc) 

expressing the Gaussia luciferase protein. In a preliminary experiment, cells were 

transfected with the HA-5ORF1 plasmid and screened for E4orf1 expression at 

48 h post-transfection by performing whole cell immunofluorescence with an 

antibody specific for the HA protein. Between 25-30 percent of cells were positive 

for HA protein expression when using the maximal DNA concentration that 

resulted in limited cytotoxicity (data not shown). Attempts to increase the 

percentage of E4orf1-expressing cells or to detect the HA protein by 

immunoblotting were, unfortunately, either inconclusive or unsuccessful. 

Therefore, all experiments were performed with the DNA concentration that 
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yields 25-30 percent E4orf1-positive cells. To allow for the possibility that E4orf1 

amplifies a pre-existing PKR-activating signal, duplicate cultures of cells were 

transfected with the HA-5ORF1 plasmid, the vector control, or left non-

transfected for 24 h, and then treated with the synthetic dsRNA analog poly(I:C). 

At 48 h post-transfection and 24 h post-poly(I:C) treatment, whole cell lysates 

were collected and analyzed by immunoblotting for levels of phospho-PKR 

(Figure 31).  

 In non-transfected cells, 24 h of poly(I:C) treatment activated PKR to a 

level approximately 2.5-fold greater than the level in non-treated cells, which is 

consistent with previous results (Fig. 14). Interestingly, transfection with every 

plasmid activated PKR to a level 3 to 4-fold higher than levels in non-transfected 

cells (Fig. 31). Moreover, the addition of poly(I:C) to transfected cells did not 

further enhance activation of PKR in comparison to their non-treated 

counterparts. The level of phospho-PKR measured in each transfected sample 

was significantly higher than the level in non-transfected cells, and there were no 

differences among transfected samples. Experiments with a plasmid expressing 

a non-HA-tagged Ad5-E4orf1 protein showed similar results (data not shown). It 

seems likely that even a moderate increase in PKR activation in the more than 

one-quarter of cells expressing E4orf1 would be detectable if it were capable of 

eliciting or transmitting signals that activate PKR. Therefore, we conclude that the 

E4orf1 protein does not induce PKR activation in mock-infected cells beyond the 

background level stimulated by the act of transfection.  

 In addition, multiple experiments were conducted in cells that were both 
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transfected with E4orf1 and infected with wild-type virus, the E1B-55K-mutant 

virus, the E4orf1-mutant virus, and the E1B-55K/E4orf-double mutant virus. 

Three different transfection/infection schemes were used in these experiments. 

Cells were either transfected then infected, infected then transfected, or both 

schemes repeated with a plasmid expressing the native, non-HA-tagged 

Ad5ORF1 protein. Whole cell lysates were collected at 30 h or 33 h post-infection 

and the level of phospho-PKR was determined as described previously by 

immunoblotting. The results obtained from these experiments were similar in that 

phospho-PKR levels were largely unchanged upon transfection of the E4orf1 

protein in cells infected with all viruses (data not shown). Overall, this set of 

experiments indicated that transient transfection of the E4orf1 protein, at least 

with the schemes outlined above, was unable to recapitulate its function normally 

performed during a virus infection. For instance, if the E4orf1 protein functions 

responsible for stimulating PKR-mediated eIF2  phosphorylation (see Figs. 28 

and 29) had been complemented by transient transfection of E4orf1, then the 

level of phospho-PKR in the E1B-55K/E4orf1-double mutant virus-infected cells 

would have been equivalent to the level measured in the E1B-55K-single mutant 

virus-infected cells. However, we observed no change in the level of phospho-

PKR upon transfection of the E4orf1 in the double-mutant virus-infected cells. 

Therefore, conclusions regarding the functional ratio required between E4orf1 

and the E1B-55K/E4orf6 complex in wild-type virus-infected cells could not be 

derived from these experiments. It seems likely that the functions of E4orf1 that 

are necessary to promote or augment PKR activation and eIF2  phosphorylation  
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Figure 31. Transient transfection of the E4orf1 protein does not induce PKR 

activation in the absence of virus infection.  HeLa cells were transfected with 

2 μg DNA of each of the following plasmids: GFP (pGFP), GLuc (pGFP), pCMV-

Neo-Bam3 (vector), or HA-tagged 5ORF1 (E4-ORF1). At 24 hpi, cells were either 

left untreated or treated with 200 ng/mL of poly(I:C) diluted in complete culture 

medium. Whole cell lysates were collected at 24 h post-treatment, 48 h post-

transfection. Protein from an equivalent number of cells Protein from an equal 

number of cells (6x104 cells) was analyzed by immunoblotting for phospho-PKR 

(T446; threonine 446) and total PKR. The relative phosphorylation of PKR (P-

PKR; phospho-PKR) was calculated from three independent experiments as 

described in Fig. 13. The level of phospho-PKR measured in mock-infected cells 

was set to a value of 1. Error bars show SEM.   
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during the late phase of infection are dependent on its precisely regulated 

temporal expression during viral infection. This likelihood may also underlie the 

apparent inability of the E4orf1 protein to induce PKR activation above 

background levels in previous experiments (see Fig. 31). Nonetheless, the 

interplay between the E4orf1 protein, the timing of its expression, and the status 

of the infected cell at the time of expression are apparently critical to its function 

and failed to be sufficiently reproduced with our experimental method.  

Summary  

 In this section, we tested whether the newly discovered regulatory 

mechanism executed by the E1B-55K and E4orf6 proteins that prevents PKR-

mediated eIF2  phosphorylation can be applied to explain two longstanding 

observations regarding late viral protein synthesis.  

 First, work in the Ornelles lab established that E1B-55K and E4orf6-

mutant viruses exhibit a cell cycle-dependent restriction that most likely resides 

at the level of late viral protein synthesis (Goodrum and Ornelles, 1998; Goodrum 

and Ornelles, 1999). Slightly lower levels of phospho-eIF2  were measured in S 

phase compared to G1 phase mutant virus-infected cells (Fig. 26), which 

correlated well with the increased rate of late viral protein synthesis in S phase-

infected cells (Fig. 25). However, the level of PKR activation did not mirror the 

cell cycle-dependent differences in eIF2  phosphorylation (Fig. 27). Therefore, 

this study revealed that regulation of eIF2  phosphorylation, but not PKR 

activation, by the E1B-55K and E4orf6 proteins may partially explain the 

differences in late viral protein synthesis in G1 and S phase-infected cells. 
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 Second, previous research found that the E4orf1 protein contributes to the 

G1-restriction of E1B-55K-mutant viruses by impeding late viral protein synthesis, 

and this observation also applies to asynchronous cells infected with the E1B-

55K-mutant virus (Thomas et al., 2009). These and other results from this body 

of work led to the theory that the E4orf1 protein induces an antiviral state that is 

counteracted by the E1B-55K/E4orf6 complex. Here, we present evidence that 

supports this hypothesis. Removal of the E4orf1 gene from the E1B-55K-mutant 

virus effectively diminished the high levels of phospho-eIF2  (Fig. 28) and 

phospho-PKR (Fig. 29) consistently observed in cells infected with the E1B-55K-

mutant virus at late times of infection. Only the very late, PKR-mediated phase of 

eIF2  phosphorylation was affected by the E4orf1 protein (Fig. 30). The 

mechanism by which the E4orf1 protein facilitates PKR activation and eIF2  

phosphorylation remains unclear. However, it appears to require the exact 

temporal pattern of expression or the precise conditions that exist within an 

infected cell at late times of infection in order to occur (Fig. 31). The interactions 

between functions of the E4orf1 protein and the E1B-55K and E4orf6 proteins 

are only beginning to be revealed and appreciated. Understanding the functional 

interplay between these viral regulators has the potential to uncover a great deal 

about events of the adenovirus life cycle, and therefore remains a focus of 

ongoing research. 
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CHAPTER 4: DISCUSSION 

 The adenovirus E1B-55K and E4orf6 proteins promote late viral protein 

synthesis, yet a role for these proteins in regulating the cellular translational 

machinery has not been studied. In this dissertation, a new role for the E1B-55K 

and E4orf6 proteins is described in which they implement an additional layer of 

regulation of PKR-mediated eIF2  phosphorylation during a productive 

adenovirus infection. Moreover, this work uncovers a previously unknown 

interplay between the E4orf1, E1B-55K, and E4orf6 proteins during the late 

phase of infection. The E1B-55K and E4orf6 proteins, more specifically a Cul5-

mediated activity of the E1B-55K/E4orf6 viral ubiquitin-ligase complex, appear to 

neutralize a PKR-mediated increase in eIF2  phosphorylation at late times of 

infection that is facilitated by the E4orf1 protein. We also present work that 

provides new insight into adenovirus biology, such as the phosphorylation of 

eIF2  in response to viral DNA replication and an apparent requirement for the 

E1B-55K and E4orf6 proteins for proper VAI RNA function. These findings 

expand the understanding of how the E1B-55K and E4orf6 proteins promote viral 

gene expression and also underscore the importance of these proteins in 

regulating the cellular response during the late phase of infection. 

The multi-phasic pattern of eIF2  phosphorylation  

 One of the more prominent discoveries of this work is the existence of 

multiple phases of eIF2  phosphorylation throughout the course of an adenovirus 

infection (Fig. 10). This multi-phasic pattern was largely unanticipated, but 
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exploring its basis will be important to understanding what appears to be a 

dynamic cellular response to discrete events during the adenovirus life cycle. 

During the wild-type adenovirus infectious cycle, phosphorylation of eIF2  

fluctuated twice between the time of infection and 36 h post-infection. The first 

increase in phospho-eIF2  occurred shortly after infection, usually by as early as 

90 minutes post-infection, and then decreased until 6 h post-infection. At this 

time, the level of phospho-eIF2  rose sharply and eventually peaked at 

approximately 18 h post-infection. This intermediate peak was followed by a final, 

precipitous decline in eIF2  phosphorylation that continued until 36 h post-

infection when phospho-eIF2  levels became nearly undetectable. However, this 

decline was reversed in cells infected with E1B-55K and E4orf6-mutant viruses 

and in so doing constituted a third peak of eIF2  phosphorylation specific to the 

mutant viruses.  

 The first phase of eIF2  phosphorylation begins almost immediately after 

infection with all viruses and ends quickly thereafter. This particular period of 

eIF2  phosphorylation has various degrees of reproducibility with respect to its 

magnitude and duration. Nonetheless, between the onset of infection and 6 h 

post-infection, we consistently observe a spike of some form in phospho-eIF2  

levels. We did not observe a concomitant increase in PKR activation (Fig. 13), 

suggesting that this initial phase of eIF2  phosphorylation is facilitated by a 

kinase other than PKR. Based on these characteristics, it seems probable that 

this period of eIF2  phosphorylation is stimulated by binding and attachment of 

the viral particle to the cell surface. Several signaling pathways are activated 
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upon association between the adenovirus capsid proteins fiber and penton with 

the CAR receptor and integrins, respectively. For instance, the focal adhesion 

kinase (FAK) and phospatidyl-inositol 3’-kinase (PI3K) are both activated within 

ten minutes of adenovirus binding (Li et al., 1998) and others have reported 

stimulation of the Raf/Mitogen activated protein kinase (MAPK) pathway (Bruder 

and Kovesdi, 1997). Protein kinase A (PKA) and protein kinase C (PKC) are also 

activated and facilitate trafficking of the viral particle to the nucleus (Greber, 

2002). While there is no direct link between these pathways and phosphorylation 

of eIF2 , their stimulation highlights that initial virus binding and attachment can 

trigger multiple signaling events, some of which may ultimately conspire in 

unforeseen ways to induce eIF2  phosphorylation. An additional, yet more 

remote, possibility is that cultured HeLa cells respond to the method used to 

perform adenovirus infections, in which cells are exposed to alternating 

conditions of high serum (10%) in complete culture medium and low serum (2%) 

present in the infection media. The GCN2 kinase is activated in response to 

nutrient deficiencies (Wek et al., 2006) and would be the most likely eIF2  kinase 

to respond to these conditions. However, the exact pathways that lead to this 

relatively transient increase in eIF2  phosphorylation immediately following 

adenovirus infection remain unclear.  

 The second or intermediate phase of eIF2  phosphorylation occurs in 

cells infected with replication-competent viruses. It begins at approximately 6 h 

post-infection, peaks between 12-18 h post-infection, and remains detectable at 

24 h post-infection, albeit to a lower extent. Interestingly, this pattern of eIF2  



154 

phosphorylation closely reflects the kinetics of viral DNA replication in adherent 

HeLa cells (Nichols et al., 2009). Using a replication-deficient virus, 

H5wt300 pTP, we determined that viral DNA replication appears to contribute to 

the increase in phospho-eIF2  between 6-24 h post-infection (Fig. 11). The 

eIF2  phosphorylation stimulated by viral DNA replication does not seem to 

occur by a PKR-mediated pathway since we observed levels of PKR activation 

similar to those measured in non-infected cells, at most, during this time period 

(Fig. 13). Moreover, this phase of eIF2  phosphorylation still occurred in HeLa-

PKR-k/d cells in which nearly all PKR protein is silenced (data not shown). 

Multiple published reports support the likelihood of a kinase other than PKR 

acting on eIF2  between 6-24 h post-infection. Huang and Schneider noted that 

approximately one quarter of all eIF2  protein was phosphorylated in adenovirus-

infected cells at 18 h post-infection (Huang and Schneider, 1990). Interestingly, 

this level of phospho-eIF2  was not reduced by the PKR inhibitor 2-aminopurine, 

implying that PKR did not contribute to the eIF2  phosphorylation at that time of 

infection. Other investigators have also observed phospho-eIF2  in wild-type 

virus-infected cells at both 18 h and 24 h post-infection, but fail to detect 

activated PKR in these cells (Schneider et al., 1984; O'Malley et al., 1986). 

These published findings are in agreement with the findings reported here and 

implicate an eIF2  kinase other than PKR acting at relatively early times in 

adenovirus-infected cells.  

 Of the four known eIF2  kinases, the HRI kinase seems the most unlikely 

to phosphorylate eIF2  since it resides in erythrocytes and responds primarily to 
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the availability of heme. However, both the PERK and GCN2 kinases are 

reasonable candidates for phosphorylating eIF2  in response to adenovirus viral 

DNA replication. Adenovirus DNA replication produces various forms of 

replication intermediates and ssDNA byproducts (Lavelle et al., 1975; Flint et al., 

1976; Van der Vliet, 1995) that have the potential to elicit a cellular response, 

such as activation of DNA damage repair signaling pathways (Weitzman and 

Ornelles, 2005). Reports have shown that GCN2 is activated and phosphorylates 

eIF2  upon exposure to UV irradiation, which also elicits signaling pathways 

involved in cellular DNA damage repair (Jiang and Wek, 2005), and that the 

PERK kinase plays a secondary role in this response. The PERK kinase most 

commonly phosphorylates eIF2  in response to the accumulation of misfolded 

proteins, hypoxia, and other ER-associated stresses (Wek et al., 2006). 

Interestingly, however, PERK has been reported to contribute to eIF2  

phosphorylation in response to viral DNA replication during herpes simplex virus-

1 (HSV-1) infection (Cheng et al., 2005). It should be noted that PKR is also 

activated in response to HSV-1 viral DNA replication, but the effects of phospho-

eIF2  generated by either kinase are counteracted by the HSV-1 34.5 protein, 

which directs its dephosphorylation by a cellular eIF2  phosphatase (Chou and 

Roizman, 1992; Chou et al., 1995). Although the kinase or kinases responsible 

for eIF2  phosphorylation in response to adenovirus DNA replication remain 

unknown, it would be informative to elucidate the pathways involved in the 

cellular response to this viral event.  

 Whereas the intermediate phase of eIF2  phosphorylation appears to be 
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induced by viral DNA replication in adenovirus-infected cells, the components 

involved in reducing the high phospho-eIF2  levels are less apparent. Clearly, 

the action of eIF2  phosphatases must be considered as a potential mechanism. 

In support of this notion, cell-free extracts prepared from Ad2-infected HeLa cells 

at 24 h post-infection contained an activity that dephosphorylated phospho-eIF2  

(Siekierka et al., 1985). The timing of this activity correlates well with the decline 

in phospho-eIF2  observed at 24 h post-infection in wild-type virus-infected cells, 

as well as the short-lived decline in mutant virus-infected cells at this same time 

(see Figs. 10 and 12). The GADD34/PP1 complex, which is comprised of the 

growth arrest and DNA damage-inducible protein (GADD34) and protein 

phosphatase 1 (PP1), is a signaling complex that dephosphorylates eIF2  

(Connor et al., 2001) and may be one potential candidate for this function. We 

can, however, exclude an activity of the E1B-55K and E4orf6 proteins as being 

required for the reduction of phospho-eIF2  by considering the results of eIF2  

phosphorylation in HeLa-PKR-k/d cells. When PKR is silenced, as in HeLa-PKR-

k/d cells, the increase in eIF2  phosphorylation at late times of infection did not 

occur in mutant virus-infected cells. Furthermore, the level of phospho-eIF2  

decreased between 24-36 h post-infection, even in the absence of the E1B-55K 

protein (Fig. 15) and the E4orf6 protein (data not shown), in a pattern nearly 

identical to the decrease observed in wild-type virus-infected cells. Because the 

levels decreased instead of remaining at the level measured at 24 h post-

infection in the mutant virus-infected HeLa-PKR-k/d cells, we can conclude that 

the reduction of eIF2  phosphorylation that marks the end of the intermediate 
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phase does not require the E1B-55K and E4orf6 proteins. Regardless, the 

decline in eIF2  phosphorylation at the end of the intermediate phase, along with 

the maintenance of low phospho-eIF2  levels throughout the late phase of 

infection, appears necessary to promote late viral protein synthesis (Fig. 12). The 

mechanisms underlying the viral DNA replication-mediated induction of eIF2  

phosphorylation and its neutralization remain the focus of ongoing research. 

 Finally, there is a third phase of eIF2  phosphorylation that occurs 

between 30-36 h post-infection. Unlike the earlier phases, which occur during 

infection with all viruses, this particular period of eIF2  phosphorylation is 

observed only in cells infected with viruses lacking the E1B-55K and E4orf6 

genes. Moreover, it is mediated by PKR and clearly correlates with the efficiency 

of late viral protein synthesis. This phase will be discussed in greater detail in the 

following section.  

The PKR-mediated late phase of eIF2  phosphorylation  

 The low level of eIF2  phosphorylation at late times of infection required 

both the E1B-55K and E4orf6 proteins. In the absence of either viral protein, 

phosphorylation of eIF2  increased to the greatest level at very late times of 

infection at 30 h and 36 h post-infection (Figs. 8 and 10). Only this final increase 

in phospho-eIF2  in cells infected with the E1B-55K or E4orf6-mutant viruses 

appeared to be mediated by PKR, which itself was phosphorylated, and 

presumably activated, only at very late times in the mutant virus-infected cells 

(Fig. 13). The results reported here indicate that the E1B-55K and E4orf6 

proteins block this late phase of eIF2  phosphorylation by preventing PKR 
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activation. Consistent with this notion, the dramatic increase in phospho-eIF2  

seen in the mutant virus-infected cells at 30 h and 36 h post-infection was 

precluded in HeLa-PKR-k/d cells (Fig. 15). Moreover, expression of a PKR 

inhibitor, the reovirus 3 protein, prevented eIF2  phosphorylation at late times in 

cells infected with the E1B-55K and E4orf6-mutant viruses (Fig. 17). Additional 

experiments demonstrated that the viral Cul5-based E3 ubiquitin-ligase formed 

by the E1B-55K and E4orf6 proteins is essential for the regulation of eIF2  

phosphorylation and PKR activation at late times of infection (Fig. 22). The 

signals that may activate this PKR-mediated phase of eIF2  will be explored. 

 The signal for PKR activation appears to arise during the late phase of 

infection, since it was reported that activated PKR was absent in cells infected 

with a VAI RNA-mutant virus whose progression to the late phase was blocked 

by treatment with hydroxyurea or cycloheximide (O'Malley et al., 1986). It also 

appears the signal arises from a process that requires active proteasomes, as 

treatment with the broad-scale proteasome inhibitor MG132 largely prevented the 

high level of phospho-eIF2  normally observed in cells infected with the mutant 

viruses at late times (Fig. 24). We further postulate that the signal responsible for 

activation of PKR and phosphorylation of eIF2  in adenovirus-infected cells is the 

classical activator of PKR, dsRNA (Garcia et al., 2007). Support for this 

hypothesis derives from the use of HeLa cells expressing the reovirus 3 protein. 

In contrast to control HeLa cells, activated PKR and phosphorylated eIF2  were 

nearly undetectable at late times of infection in 3-HeLa cells infected with the 

E1B-55K or E4orf6 mutant viruses (Fig. 17). The only activity associated with the 
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3 protein, in addition to serving as a viral capsid protein, is its ability to bind and 

sequester dsRNA to prevent PKR activation (Yue and Shatkin, 1997; Jacobs and 

Langland, 1998). The source of the proposed dsRNA that activates PKR in the 

absence of E1B-55K/E4orf6 function remains an open question. However, 

dsRNA of viral origin, which is generated from symmetrical transcription of the 

viral DNA genome, is present in adenovirus-infected cells during the late phase 

of infection (Pettersson and Philipson, 1974; Maran and Mathews, 1988). 

Double-stranded RNA of cellular origin may also arise from fragments of RNA 

known as promoter-associated transcripts generated by spurious transcription 

(Core et al., 2008; Preker et al., 2008). Because the E1B-55K/E4orf6 complex 

controls nuclear mRNA export during an infection, some transcripts normally 

retained in the nucleus may reach the cytoplasm in the absence of E1B-

55K/E4orf6 function. Accordingly, we observed an increase in intron-containing 

late viral mRNA in the cytoplasm of cells infected with the E1B-55K-mutant virus 

dl338 compared to wild-type virus-infected cells (unpublished observations and 

see Goodrum and Ornelles, 1999). Although dsRNA may have the potential to 

activate PKR at late times of infection, additional factors may also contribute and 

will be explored below. 

 The cellular PKR-associated activator protein PACT directly binds PKR in 

order to promote its activation and stimulate eIF2  phosphorylation in manners 

both dependent and independent of dsRNA (Patel and Sen, 1998). Since a Cul5-

mediated activity is needed to suppress PKR activation (Fig. 22), we 

hypothesized that perhaps PACT is a target of the adenovirus E3 ubiquitin-
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ligase. Regulation of PACT by viral proteins would not be unexpected in light of 

reports that the Us11 protein of HSV-1 and the NS1 protein of influenza block 

PKR activation induced by PACT (Peters et al., 2002; Li et al., 2006). However, 

the total level of PACT protein during the late phase of adenovirus infection was 

equivalent in wild-type and mutant virus-infected cells (Fig. 23), suggesting it is 

not a target for degradation by the E1B-55K/E4orf6 complex. Despite there being 

no difference in the total level of PACT, the possibility remains that an activity of 

the E1B-55K/E4orf6 viral ubiquitin-ligase complex regulates the serine 

phosphorylation of PACT that is necessary for its function (Peters et al., 2006; 

Peters et al., 2009). 

 Another factor that does not appear to be a significant regulator of the 

PKR-mediated period of eIF2  phosphorylation is the phase of the cell cycle at 

the time of infection. Previous results in our laboratory established that E1B-55K 

and E4orf6-mutant viruses are restricted in G1 phase-infected cells but many of 

their defects are alleviated in S phase-infected cells (Goodrum and Ornelles, 

1997; Goodrum and Ornelles, 1999). The underlying mechanism of the cell 

cycle-restriction is speculated to originate from a decreased ability to direct late 

viral protein synthesis in G1 compared to S phase-infected cells. Results 

presented here support our published data and show the rate of late viral protein 

synthesis was lower in G1 phase compared to S phase cells infected with an 

E1B-55K-mutant virus (Fig. 25). Whereas the levels of phospho-eIF2  in G1 and 

S phase cells infected with E1B-55K and E4orf6-mutant viruses correlated with 

these differences in protein synthesis rates (Fig. 26), the levels of phospho-PKR 
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did not (Fig. 27). The lower rate of late viral protein synthesis in G1 phase-

infected cells was concomitant with a slightly higher level of phospho-eIF2 . 

However, the higher level of phospho-eIF2  in G1 mutant virus-infected cells was 

not accompanied by a higher level of phospho-PKR. In both G1 and S phase 

mutant virus-infected cells, PKR was still phosphorylated to levels several-fold 

higher than their wild-type virus-infected counterparts. While certain aspects of 

the multi-phasic pattern of eIF2  phosphorylation may contribute to the cell cycle-

restriction of late viral protein synthesis in cells infected with E1B-55K and 

E4orf6-mutant viruses, it seems unlikely that the phase of the cell cycle at the 

time of infection substantially affects the PKR-mediated period during the late 

phase of infection. 

 Although neither the total level of PACT nor the phase of the cell cycle at 

the time of infection appeared to contribute to the PKR-mediated phase of eIF2  

phosphorylation, the E4orf1 protein was found to facilitate the phosphorylation of 

PKR and eIF2  in mutant virus-infected cells. Recently, the E4orf1 protein was 

found to restrict late viral protein synthesis in cells infected with E1B-55K-mutant 

viruses (Thomas et al., 2009). Although the mechanism involved in this restriction 

remained elusive, cells infected with an E1B-55K/E4orf1-double mutant virus 

directed wild-type levels of late viral protein synthesis. The results of this study 

performed in the Ornelles laboratory introduced the notion that the E4orf1 protein 

and the E1B-55K/E4orf6 viral ubiquitin-ligase complex perform opposing 

functions during the late phase of infection. More specifically, the primary 

hypothesis suggested that the E4orf1 protein elicits an antiviral state that is 
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neutralized by the E1B-55K/E4orf6 complex. In the body of work presented here, 

we provide evidence in support of this notion and offer a potential mechanism by 

which the E4orf1 restricts late viral protein synthesis in the absence of E1B-55K 

protein function. In comparison to E1B-55K-mutant virus-infected cells, which 

contained high levels of both phospho-eIF2  and activated PKR, cells infected 

with an E1B-55K/E4orf1-double mutant virus had levels of eIF2  phosphorylation 

(Fig. 28) and activated PKR (Fig. 29) consistent with wild-type virus-infected 

cells. Therefore, the E4orf1 protein appears to contribute to the PKR-mediated 

late phase of eIF2  phosphorylation. The action of the E4orf1 protein in this 

regard is specific to the very late phase of infection, as earlier phases of eIF2  

phosphorylation were unaffected by deletion of the E4orf1 gene (Fig. 30). 

Moreover, this activity seems to be specific to the open reading frame 1 protein 

of the E4 region (E4orf1) since cells infected with an E1B-55K/E4orf3-double 

mutant virus retained high levels of activated PKR and phospho-eIF2  at late 

times of infection (data not shown). Attempts to perform in vitro complementation 

experiments with HA-tagged, plasmid-expressed E4orf1 protein suggest that the 

pertinent functions of the E4orf1 protein require expression from the viral genome 

or are inherent to a precisely regulated adenovirus-infected cell (Fig. 31). The 

mechanism by which the E4orf1 protein facilitates PKR activation and 

subsequent eIF2  phosphorylation remains unclear, but is the primary focus of 

ongoing research. Nonetheless, these results clearly suggest that stimulation of 

PKR activation and eIF2  phosphorylation are likely mechanisms underlying the 

E4orf1-mediated restriction of late viral protein synthesis in E1B-55K-mutant 
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virus-infected cells. These findings highlight a previously unknown regulatory 

mechanism involving the E4orf1 protein and the E1B-55K/E4orf6 complex in the 

control of late viral protein synthesis. 

 Overall, we have identified a requirement for the E1B-55K and E4orf6 

proteins, and more specifically a Cul5-based activity of the E1B-55K/E4orf6 viral 

ubiquitin-ligase complex, to prevent a PKR-mediated increase in eIF2  

phosphorylation during the late phase of infection. The most likely activator of 

PKR during the late phase of infection is dsRNA, considering that it is the 

classical PKR activator, and that stable expression of the dsRNA-binding protein 

3 prevented PKR activation and eIF2  phosphorylation in mutant virus-infected 

cells. While the total level of PACT and the phase of the cell cycle at the time of 

infection do not appear to facilitate PKR activation, we have identified the viral 

E4orf1 protein as a potential contributor to the PKR-mediated period of eIF2  

during the late phase of infection.  

  This particular phase of eIF2  phosphorylation is highly correlated with 

the efficiency of late viral protein synthesis, and therefore serves to highlight 

mechanisms by which its viral regulators control late viral translation. These 

issues will be discussed in the remaining sections.  

VAI RNA function in the absence of the E1B-55K and E4orf6 Proteins 

 The E1B-55K/E4orf6 complex prevents PKR-mediated eIF2  

phosphorylation during the late phase of infection. This is precisely the role 

attributed to the adenovirus inhibitor of PKR, VAI RNA (Mathews, 1990). 

Although it remains unclear whether or how the E1B-55K and E4orf6 proteins 



164 

can support the function of VAI RNA, these results highlight a novel connection 

between the E1B-55K/E4orf6 complex and VAI RNA that demands further 

consideration. The Cul5-associated ubiquitin-ligase activity of the E1B55K/E4orf6 

complex stimulates viral mRNA export (Woo and Berk, 2007) and is required to 

block PKR activation and eIF2  phosphorylation (Fig. 22). Nonetheless, because 

cytoplasmic levels of VAI RNA and VAII RNA did not differ among cells infected 

with the wild-type or mutant viruses (Fig. 21) it seems unlikely that the E1B-55K 

and E4orf6 proteins influence the synthesis or cytoplasmic accumulation of the 

VA RNAs. This leads us to question how the E1B-55K/E4orf6 complex might be 

necessary for VAI RNA function during an adenovirus infection even though VAI 

RNA can stimulate translation in vitro (Mathews, 1990) or following transfection 

(Svensson and Akusjarvi, 1984). In data not shown, Kitajewski and associates 

noted that a 50-fold mass excess of VAI RNA over dsRNA was required to 

prevent activation of PKR (Kitajewski et al., 1986). Perhaps without E1B-

55K/E4orf6 function, dysregulated mRNA export leads to duplex RNA in the 

cytoplasm in excess of the 50-fold requirement. Because we observe an abrupt 

increase in PKR activation between 24 h and 30 h post-infection, this could be 

the time at which this balance changes. Alternatively, since VAI RNA can interact 

with secondary structures present in some cellular mRNA (Reichel et al., 1985), 

perhaps cellular mRNA of this nature accumulate in the absence of E1B-

55K/E4orf6 and alter the activity of VAI RNA. 

 Another possible link between the control of VAI RNA function and the 

E1B-55K/E4orf6 complex involves over-expression of the adenovirus E2A DNA-
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binding protein (DBP). We and others have noted high levels of DBP in cells 

infected with E1B-55K and E4orf6-mutant viruses (Goodrum and Ornelles, 1999). 

Wild-type virus-infected cells treated with 2-aminopurine also synthesize 

unusually large quantities of DBP (Huang and Schneider, 1990). In both of these 

circumstances, VAI RNA is present but evidently non-functional. Although it is a 

DNA-binding protein, DBP also binds RNA during the late phase of infection 

(Cleghon and Klessig, 1986). Perhaps the abundance of DBP during E1B-55K 

and E4orf6-mutant virus infections and during treatment with 2-aminopurine 

promotes non-specific binding of DBP to VAI RNA. Theoretically, the association 

between DBP and VAI RNA could lead to conformational changes within the 

RNA molecule that reduce its ability to inhibit PKR activation. 

 There are additional mechanisms that may affect the activity of VAI RNA 

that should be considered as a basis for its apparent inactivity in the absence of 

the E1B-55K/E4orf6 complex. Adenovirus VAI RNA is closely related to the 

Epstein-Barr early ribonucleoprotein 1 (EBER-1) non-coding RNA molecule 

expressed during Epstein-Barr virus (EBV) infection. Both molecules are 

abundantly expressed, highly structured, and bind PKR to preclude activation by 

dsRNA (Sharp et al., 1993). In EBV-infected cells, the PKR-inhibitory activity of 

the EBER-1 RNA molecule is attenuated by association with the L22 ribosomal 

protein (Elia et al., 2004). The L22 protein and PKR compete for the same 

binding site on EBER-1. The model for this interaction suggests the L22 protein 

binds and sequesters EBER-1, which then reduces its ability to inhibit PKR. 

Whether the L22 protein binds adenovirus VAI RNA has not been determined, 
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but perhaps a similar mechanism occurs in adenovirus-infected cells. If so, one 

could conceive a model where the L22 ribosomal protein is targeted for 

degradation by the E1B-55K/E4orf6 viral ubiquitin-ligase complex to release VAI 

RNA and allow its inhibition of PKR. If the complex is inactive, as in cells infected 

with E1B-55K and E4orf6-mutant viruses, the L22 protein remains bound to VAI 

RNA and prevents its ability to inhibit PKR activation. The association of the 

cellular L22 protein with EBER-1 may illustrate a common anti-viral strategy in 

cells, and it would therefore be informative to determine whether this mechanism 

targets the closely related VAI RNA molecule in adenovirus-infected cells. 

 A very recent biochemical analysis discovered that the apical stem of VAI 

RNA, which is the domain that interacts with the dsRBDs of PKR to inhibit its 

activation, can adopt two different conformations in vitro (Wahid et al., 2009). It 

was proposed that VAI RNA exists as a mixture of these two distinct structures. 

The VAI RNA molecules that adopted a shorter apical stem exhibited a 

significantly impaired ability to inhibit PKR. While the biological benefit of 

containing a VAI RNA apical stem with such plasticity remains unknown, this 

report is intriguing in the context of the results presented here. Perhaps the E1B-

55K/E4orf6 complex, which localizes to the sites of viral RNA synthesis and 

processing, promotes expression of VAI RNA conformation that exhibits more 

potent inhibition of PKR. Likewise, perhaps the E4orf1 protein antagonizes the 

function of the E1B-55K/E4orf6 complex to stimulate expression of the VAI RNA 

molecule that is a weaker inhibitor of PKR activation. It would be interesting to 

determine the conformation of VAI RNA isolated from cells infected with various 
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mutant viruses to determine the impact, if any, of viral gene products on the 

structural characteristics of VAI RNA. 

 Finally, our results collectively suggest that the E4orf1 protein may 

regulate VAI RNA function. There is no defect in the cytoplasmic accumulation of 

VAI RNA in E1B-55K and E4orf6-mutant virus-infected cells at late times (Fig. 

21), but it is apparently unable to prevent PKR activation (Fig. 13). Under these 

circumstances, the E4orf1 protein is present, PKR activation is high, and eIF2  

phosphorylation occurs. On the other hand, cells infected with an E1B-

55K/E4orf1-double mutant virus contain wild-type levels of PKR activation and 

phospho-eIF2 . Therefore, these results could be interpreted to mean that either 

the E4orf1 protein is contributing to the activation of PKR, or that it is precluding 

the function of VAI RNA. Preliminary results from experiments where the E4orf1 

protein was expressed by transient transfection (Fig. 31) may indicate the latter, 

since the E4orf1 protein did not appear to possess an inherent ability to activate 

PKR. Regardless, it seems that either of these mechanisms is somehow 

counteracted by the activity of the E1B-55K/E4orf6 complex. Clearly, further 

study is needed to understand the apparent connection between VAI RNA, 

E4orf1, and the function of the E1B-55K and E4orf6 proteins. 

New aspects of the regulation of late viral protein synthesis  

 The PKR-mediated phase of eIF2  phosphorylation is prevented by the 

E1B-55K and E4orf6 proteins through a Cul5-associated activity of the E1B-

55K/E4orf6 complex. This activity correlated with the ability of the E1B-55K and 

E4orf6 proteins to promote late viral protein synthesis (Figs. 5 and 12). 
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Therefore, it seems likely that E1B-55K and E4orf6 proteins suppress a dsRNA-

mediated signal during the late phase of infection to promote late viral protein 

synthesis. Stable expression of the reovirus 3 protein, which binds and 

sequesters dsRNA (Jacobs and Langland, 1998), prevented PKR activation and 

blocked eIF2  phosphorylation at late times (Fig. 17). More importantly, however, 

expression of the 3 protein restored late viral protein synthesis in cells infected 

with E1B-55K and E4orf6-mutant viruses. In 3-HeLa cells infected with the 

mutant viruses, the defects in both the rate of synthesis (Fig. 18) and total 

accumulation (Fig. 19) of late viral proteins measured in CTRL-HeLa cells were 

largely corrected and generated wild-type levels of late viral protein synthesis. 

Furthermore, and perhaps most intriguing, expression of the 3 protein did not 

correct the defect in late viral mRNA accumulation (Fig. 20). Collectively, this 

leads us to conclude that the E1B-55K and E4orf6 proteins sustain late viral 

translation by preventing the PKR-mediated phosphorylation of eIF2  at late 

times of infection. These observations illustrate, for the first time, that regulation 

of late viral protein synthesis by the E1B-55K and E4orf6 proteins is facilitated by 

their manipulation of cellular translation machinery and can occur by a function 

that is distinct from their ability to promote cytoplasmic accumulation of late viral 

RNA. However, these results may also suggest that proper regulation of RNA 

transport by the E1B-55K and E4orf6 proteins is, in fact, linked to their ability to 

prevent PKR activation and subsequent eIF2  phosphorylation.     

 An unusual characteristic of the adenovirus-infected cell that has been 

noted by other investigators (Mathews, 1990) and is also evident here (see for 
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example Figs. 5 and 10) is that protein synthesis proceeds with levels of 

phospho-eIF2  that should block translation (Hershey, 1989). The transformed 

cell lines used in these studies may tolerate higher levels of phospho-eIF2  

(Clemens, 2004) because they contain higher levels of the limiting factor eIF2B  

than non-transformed cells (Balachandran and Barber, 2004). Although we did 

not observe a compensatory increase in the level of eIF2B  during adenovirus 

infection of HeLa cells (Fig. 2), a greater basal ratio of eIF2B  to eIF2  may 

permit translation until phosphorylation of eIF2  rises to levels found only at very 

late times of infection. It also possible that phosphorylated eIF2  resides in a 

functional segregated cellular compartment (Schneider et al., 1984; Flint and 

Gonzalez, 2003) although preliminary immunofluorescence microscopy revealed 

no physical basis for this separation in virus-infected cells (data not shown). 

Nevertheless, it is becoming more apparent that translation initiation, particularly 

in virus-infected cells, can continue in the presence of phosphorylated eIF2  

(Sonenberg and Hinnebusch, 2009). For instance, it has been suggested that 

some viruses can utilize the initiation factor eIF5B to deliver the Met-tRNAi under 

conditions when eIF2 is inactivated by phosphorylation (Pestova et al., 2008; 

Terenin et al., 2008). Continued translation in the presence of phosphorylated 

eIF2  may reflect reprogramming of the translational machinery by adenovirus. 

As described in the Introduction, adenovirus late translation proceeds by a non-

canonical form of translation initiation known as ribosome shunting (Dolph et al., 

1990; Yueh and Schneider, 1996) that involves modification of the cap-binding 

complex eIF4F by the L4-100K protein (Cuesta et al., 2000; Xi et al., 2004). A 
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recent report showed that eIF2  phosphorylation decreased the rate of ribosome 

shunting on the cellular cIAP2 mRNA (Sherrill and Lloyd, 2008). Although we did 

not directly investigate the consequences of eIF2  phosphorylation on ribosome 

shunting in adenovirus-infected cells, our results lead us to predict an adverse 

effect. Overall, the implication of phospho-eIF2  on the molecular mechanism of 

ribosome shunting in adenovirus-infected cells is not understood and warrants 

further investigation. 

Potential mechanisms of action of the E4orf1, E1B-55K, and E4orf6 

proteins 

 The overall mechanistic contribution of the work presented here is that the 

E1B-55K and E4orf6 proteins, through an activity of the Cul5-based E1B-

55K/E4orf6 viral ubiquitin-ligase complex, prevent an increase in PKR-mediated 

eIF2  phosphorylation during the late phase of infection to promote efficient late 

viral protein synthesis. The E4orf1 protein is involved in this process by 

facilitating PKR activation and therefore acts in opposition to the E1B-55K/E4orf6 

complex. Many facets of this interplay remain poorly understood and remain the 

focus of ongoing research. Nonetheless, a sense of the mechanism begins to 

emerge from the information garnered from the research presented in this 

dissertation (Figure 32). 

 The most likely basis for the increase in PKR activation during the late 

phase of infection is an accumulation of dsRNA, and results with the dsRNA-

binding protein 3 seem to reinforce this theory (see Figs. 17-19). Whether the 

synthesis of dsRNA is greater, or whether the mechanisms that counteract the  
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Figure 32. Model of potential mechanisms of action of the E4orf1, E1B-55K, 

and E4orf6 proteins. The E4orf1 protein may facilitate PKR-mediated eIF2  

phosphorylation by a variety of mechanisms. For instance, the E4orf1 protein 

may elicit, transmit, or amplify signals at the cell surface that promote the 

dsRNA-induced activation of PKR and eIF2  phosphorylation. The E4orf1 protein 

may also facilitate the activation of PKR by decreasing the activity of VAI RNA. 

The activity of the E1B-55K/E4orf6 complex neutralizes the PKR-mediated 

increase in eIF2  phosphorylation that is induced by E4orf1 during the late phase 

of infection. This counteractive function may either preclude the original cell 

surface-related stimulus that signals through E4orf1, inhibit the synthesis or 

cytoplasmic accumulation of dsRNA, or more directly prevent PKR activation by 

promoting VAI RNA activity. See the section Potential Mechanisms of Action of 

the E4orf1, E1B-55K, and E4orf6 Proteins for further details.  
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effects of dsRNA are simply less active in cells infected with E1B-55K and 

E4orf6-mutant viruses than in wild-type virus-infected cells has not been 

discerned. During the late phase of infection, dsRNA arises through symmetrical 

transcription of the viral DNA genome (Pettersson and Philipson, 1974; Maran 

and Mathews, 1988), but whether or how the E1B-55K/E4orf6 complex and 

E4orf1 proteins affect this process is not known. A logical model would suggest 

the E1B-55K/E4orf6 complex prevents the synthesis of spurious dsRNA 

molecules whereas the E4orf1 protein promotes it. There is some evidence that 

the E1B-55K/E4orf6 complex may regulate RNA processing (reviewed in Flint 

and Gonzalez, 2003), but no role for the E4orf1 protein has been described in 

this process.  

 Another potential mechanism involves the control of RNA transport by the 

E1B-55K/E4orf6 complex. The Cul5-associated ubiquitin-ligase activity of the 

E1B55K/E4orf6 complex stimulates viral mRNA export (Woo and Berk, 2007) 

and is required to block PKR activation and eIF2  phosphorylation (Fig. 22). It is 

therefore conceivable that these two events are related. It is possible that some 

transcripts normally retained in the nucleus may reach the cytoplasm in the 

absence of E1B-55K/E4orf6 function, and unpublished observations in our 

laboratory confirm an increase in intron-containing late viral mRNA in the 

cytoplasm of cells infected with an E1B-55K-mutant virus compared to wild-type 

virus-infected cells (data not shown). The presence of these non-conventional 

transcripts in the cytoplasm of mutant virus-infected cells may elicit PKR 

activation, especially if they continue to accumulate at very late times. This 
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scenario may also depict how the standard concentration of VAI RNA is 

overwhelmed by what ultimately becomes an abnormally high concentration of 

PKR-activating RNA species. Another consideration in this model is that the 

E4orf1 protein somehow diminishes the normal activity of VAI RNA. This would 

have detrimental effects in a mutant virus-infected cell, where the dysregulation 

of RNA transport coupled with the inactivity of VAI RNA leads to activation of 

PKR. Moreover, cells infected with the E1B-55K/E4orf1-double mutant virus 

would exhibit the same dysregulation of RNA export as those infected with an 

E1B-55K-mutant virus, but the absence of the E4orf1 protein would allow VAI 

RNA activity, prevent PKR activation, and yield the low level of phospho-PKR 

observed in these cells. 

 Overall, the role for the E4orf1 protein in the PKR-mediated late phase of 

eIF2  phosphorylation remains largely elusive. It seems most likely the E4orf1 

protein facilitates PKR activation and eIF2  phosphorylation through its well-

known function of mediating signaling pathways that emanate from epithelial cell-

cell junctions at the cell surface (Javier, 2008). Interestingly, both the primary and 

secondary adenovirus receptors are localized at cell-cell junctions. The CAR 

receptor localizes to tight junctions where it associates with the resident protein 

zonula occludens-1 (ZO-1) (Cohen et al., 2001), whereas integrins localize to 

adherens junctions (Giancotti and Tarone, 2003). Through its PDZ-binding motif, 

the E4orf1 protein interacts with and redistributes cellular PDZ proteins that are 

located at both adherens and tight junctions (Javier, 2008). Notably, the most 

recently identified substrate of the E1B-55K/E4orf6 viral ubiquitin-ligase complex 
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is the integrin 3 subunit. Integrin 3 exists most frequently in association with the 

integrin 1 subunit to form the 3 1 integrin, also known as the very late antigen 3 

(VLA-3). This heterodimeric cell surface receptor is widely expressed in a variety 

of tissues.  Through its association with multiple components of the extracellular 

matrix, the primary role of the 3 1 integrin is regulation of cell adhesion (Takada 

et al., 1987; DiPersio et al., 1995). Interestingly, the 3 1 integrin can specifically 

serve as an alternative receptor for adenovirus type 5 (Salone et al., 2003). The 

3 subunit of 3 1 integrin is degraded by the action of the E1B-55K/E4orf6 

complex during the late phase of infection (Dallaire et al., 2009). This finding 

provides a critical link between the E1B-55K/E4orf6 complex and the E4orf1 

protein and leads to the speculation that perhaps integrin 3-mediated signals are 

transmitted or augmented by the E4orf1 protein.  

 Integrin binding and activation elicit a variety of signaling pathways that 

include FAS, PI3K, and Ras-ERK kinases (Giancotti and Ruoslahti, 1999; 

Giancotti and Tarone, 2003). Coincidentally, the most well-characterized 

signaling capacity of the E4orf1 protein is stimulation of PI3K (Frese et al., 2003), 

although downstream targets can be activated by PI3K-independent mechanisms 

as well (Thomas et al., 2009). During the late phase of infection, these signals 

would presumably be absent in wild-type virus-infected cells due to the 

degradation of integrin 3 by the E1B-55K/E4orf6 complex, yet present in E1B-

55K and E4orf6-mutant virus-infected cells. Whether PI3K signaling pathways, or 

other integrin-stimulated pathways, can ultimately lead to PKR activation in 

adenovirus-infected cells has not been determined. If there is a link between 
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integrin and PKR activation, it seems the E4orf1 protein serves to amplify these 

signals. In support of this notion, we consistently observe a moderate level of 

PKR activation in E1B-55K/E4orf1-double mutant virus-infected cells only at the 

very late time of 36 h post-infection (Fig. 29). This result suggests the PKR-

inducing signal is still present, yet at a much weaker level than in the presence of 

the E4orf1 protein. A considerable amount of work is clearly necessary to 

determine the role of the E4orf1 protein, as well as its relationship with the E1B-

55K/E4orf6 complex, in the PKR-mediated phase of eIF2  phosphorylation. 

Conclusions 

 In this body of work, we describe a new mechanism by which PKR 

activation and eIF2  phosphorylation are regulated during a productive 

adenovirus infection. We discovered that eIF2  is phosphorylated at various 

periods throughout the viral life cycle, giving rise to a multi-phasic pattern of 

phosphorylation. We surmise these periods of eIF2  phosphorylation occur in 

response to discrete viral events, and viral DNA replication was identified as an 

event that elicits a prominent period of non-PKR-mediated eIF2  phosphorylation 

between 6-24 h post-infection. During the late phase of adenovirus infection, we 

demonstrated that the E1B-55K and E4orf6 proteins prevent an increase in PKR-

mediated eIF2  phosphorylation, which evidence indicates is most likely induced 

by the presence of dsRNA. The ability of the E1B-55K and E4orf6 proteins to 

prevent PKR activation and limit phospho-eIF2  levels during the late phase of 

infection was highly correlated with their ability to promote efficient late viral 

protein synthesis. Interestingly, the viral E4orf1 protein appeared to play a 
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significant role in facilitating this particular phase of eIF2  phosphorylation, which 

may provide insight into previous observations that the E4orf1 protein restricts 

late viral protein synthesis in E1B-55K-mutant virus-infected cells. The underlying 

molecular mechanism involved in the prevention of PKR-mediated eIF2  

regulation by the E1B-55K/E4orf6 complex requires a Cul5 activity, but does not 

have as its basis the control of cytoplasmic VAI RNA levels. Perhaps most 

intriguing is the discovery that the E1B-55K and E4orf6 proteins, through their 

ability to prevent PKR activation and eIF2  phosphorylation, direct wild-type 

levels of late viral protein synthesis by a mechanism that appears to be distinct 

from their well-known role in RNA transport. By pursuing the mechanistic basis of 

this new layer of regulation by the E1B-55K, E4orf6, and E4orf1 proteins, this 

research has the potential to uncover new targets of the E1B-55K/E4orf6 

complex and contribute to our understanding of its role, as well as the role of the 

E4orf1 protein, in events that govern late viral protein synthesis. Furthermore, 

this information may contribute to a better understanding of the oncolytic nature 

of E1B-55K-mutant adenoviruses. For example, it would be of interest to 

determine if the abnormally high levels of activated PKR elicited by infection with 

the E1B-55K-mutant virus precipitate pathways of cell death that may be unique 

to tumor-derived cells. Finally, the work presented here serves to further highlight 

the complex and multi-faceted nature of the E1B-55K and E4orf6 proteins and 

their interaction with the host cell. 
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